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The Triassic is a period of abrupt climate change bracketed by mass extinctions including one 
driven by the eruption of the Central Atlantic Magmatic Province (CAMP) in the Late Triassic. 
The Moenave Formation (MF) of Utah and Arizona is ideal to investigate effects of the CAMP 
on continental strata distal to the eruptive center. This study focuses on the C-isotopic 
composition of bulk carbonate C from two localities, Blacks Canyon, Zion National Park, UT 
and Olsen Canyon within Warner Valley, UT. The data collected was used to document a 
chemostratigraphic record to compare to globally established records and bulk organic C records 
from the formation. This study also documents paleoclimatic proxies including clumped isotope-
derived temperatures, weathering index-derived mean annual precipitation, and atmospheric 
pCO2 values. When combined with recent detrital zircon geochronologic studies, we record 
significant climatic changes that can be attributed to the CAMP. Although bulk organic C-
isotopes record CIEs similar to those documented in other C-isotope records, the carbonate C-
isotope record is more obscure, with minor C-isotope excursions within the Olsen Canyon 
record. Organic C-isotope results were paired with some clumped isotope analysis to identify 
changes in temperature during these organic C-isotope excursions. Clumped isotope samples 
were collected from both sections and sampled for calcite cements. Resulting temperatures 
ranged from 40ºC to 55 ºC in Olsen Canyon. In Blacks Canyon the temperatures ranged from 35 
ºC to 55 ºC. Weathering indices such as CIA-K and CALMAG were used in this study to 
calculate mean annual precipitation (MAP). The MAP ranged from 220 to 300 mm/yr. Major 
elemental concentrations were also used to calculate mean annual temperatures (MAT) 
salinization temperatures which ranged from 20 to 25 ºC and clayeyness temperatures which 
ranged from 15 to 20 ºC. pCO2 during the CAMP was calculated using measured parameters and 
 
estimated S(z) values. pCO2 increases 2-2.5x post excursion and followed by a downward trend 
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Chapter 1: Introduction to the Late Triassic-Early Jurassic of Western Pangea 
Introduction 
Stable isotopes are atoms of the same element with differing amounts of neutrons within 
the nucleus that do not decay and emit energy. This study will focus on stable carbon isotopes 
(ẟ13C) specifically as a chemostratigraphic tool to identify perturbations within the carbon cycle 
during the end of the Triassic and Early Jurassic, a time that included a mass extinction and the 
formation of one of the largest large igneous provinces (LIPs) in Earth’s history (Wignall et al. 
2001). 
The rifting of Pangea during the Late Triassic to Early Jurassic has been associated with 
the emplacement of volumnious amount of dikes, sills and lava flows known as the Central 
Atlantic Magmatic Province (CAMP) (Marzoli et al. 1999). The Central Atlantic Magmatic 
Province is one of the most extensive large igneous provinces with an area estimated to be 2.5 x 
106 km2 and a volume estimated to be between 3-11 x 106 km3 (Wignall et al. 2001). The amount 
of carbon emitted as CO2 and CH4 is estimated to be 8,000 and 5,000 gigatons respectively 
(Beerling and Berner 2002). The oldest flow has been dated to 201.566+ 0.031 Ma (Blackburn et 
al. 2013). The age was determined using detrital zircon geochronology of the many basalt flows 
and dikes associated with the CAMP (Blackburn et al. 2013). Occurrence of events like this 
usually leads to a large increase in CO2 in the atmosphere. An increase in atmospheric CO2 of 
this magnitude would increase temperature and destabilize buried methane hydrates, release 
isotopically light methane and would cause major perturbations to the global carbon cycle. This 
increase in CO2 and CH4 can lead to temperature increases of up to 3 to 4ºC based on McElwain 
et al. (1999). The youngest flow has been attributed to the Butner intrusive within the Deep River 
Basin of the Newark Supergroup in northeastern North America at approximately 200.916 + 
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0.064 MA (Blackburn et al. 2013). Geochronologic, geochemical, paleontological and 
magnetostratigraphic correlations between the Newark Basin New Jersey, Fundy Basin Canada, 
and Argana Basin Morocco yield an approximate age of 201.564 + 0.015 Ma for the end-Triassic 
extinction. 
The end-Triassic extinction is one of the “big five” mass extinctions. It contains about 
30% loss of marine genera, 50% loss of tetrapod species and about 95% turnover of megafloral 
species (McElwain et al. 1999, Hounslow et al. 2007, Kozur and Bachmann, 2010). The event is 
dated to have occurred around 201.564+ 0.015 Mya (Blackburn et al. 2013) and occured 
synchronously with early phases of the emplacement of the Central Atlantic Magmatic Province 
(CAMP) which suggests a cause and effect relationship between the two events (Whiteside et al. 
2010). Regional climate and enviromental change related to the emplacement of the CAMP 
resulted in a loss of plant biodiversity and non-uniform climate dependent vegetation change 
(McElwain et al. 2009).  
Another important aspect of this research is to determine the Triassic-Jurrasic Boundary 
within the Moenave Formation. However this event has no relation to the previous mentioned 
ETE. The Global Boundary Stratotype Section and Points (GSSP) defines the Triassic-Jurrasic 
boundary not as an interval of extinction but rather as the first occurrence of Psiloceras spleae 
tirolicum, a European subspecies of ammonite at the Kuhjoch section in Austria (Milner et al. 
2012). The problem however, is the boundary was defined using marine ammonite subspecies 
which are difficult to correlate to terrestrial strata. The use of biostatigraphic studies to determine 
the age of the Moenave has proven to be difficult. Palynomorph, conchostracan and dinosaur 
track studies have all yielded different biostatigraphic results in determining a relative age for the 
Moenave Formation. For example, the occurence of Eubrontes dinosaur tracks that are found in 
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the Dinosaur Canyon Group Member indicate a post-ETE, Late Triassic- Early Jurassic age for 
the Whitmore Point Member and the Upper Dinosaur Canyon Member (Milner et al. 2012). 
However recent findings of Anomoepus tracks paired with Eubrontes, that are known to be 
excusively post End-Triassic Extinction to Early Jurassic, in the lower Whitmore Point Member 
at the St.George Dinosaur Discovery Site suggest that the end-Triassic extinction occurs in the 
lower part of the Whitmore Point Member or the Dinosaur Canyon Member and the Triassic-
Jurassic boundary occurs in the upper part of the Whitmore Point Member (Milner et al. 2012). 
These examples show the conflicting reports that biostatigraphic data can provide in determining 
the age of the Moenave Formation. The lack of definitive biostratigraphic indicators found 
within the Moenave Formation emphasizes the importance of using geochronologically 
constrained C-isotope chemostatigrphy in solving this problem.  
Geologic Setting and Previous research 
Moenave Formation 
The Late Triassic to Early Jurassic-aged Moenave Formation that crops out along 
southern Utah to Northern Arizona (Figure 1) consists of fluvial and lacustrine depositional 
environments occurring in a retro-arc basin that was formed on the western edge of North 
American craton as a result of collision with the Cordilleran magmatic arc system (Tanner and 
Lucas, 2009).  The Moenave Formation consists of two primary lithostratigraphic members: 1) 
the Dinosaur Canyon Member (DCM) and 2) the Whitmore Point Member (WPM) (Tanner and 
Lucas, 2009, Kirkland et al. 2014). The Moenave Formation is underlain by the Chinle 
Formation of the Late Triassic. The contact between the two formations is an abrupt erosive one 
in which a basal conglomerate that erodes the top the Owl Rock Member of the Chinle 
Formation. The Kayenta Formation overlies the Moenave and is defined by the J-0’ 
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unconformity between the Springdale Sandstone of the Kayenta and the Whitmore Point 
Member of the Moenave Formation (Tanner and Lucas, 2009). This is also an abrupt and erosive 
contact.  
 
Figure 1-1 : Outcrop belt of the Moenave Formation. (Modified from Kirkland et al. 2014) 
 
        The Dinosour Canyon Member (DCM) is composed of rare conglemorates, fine sandstones, 
siltstones and mudstones. The lower part of the DCM is dominated by reddish-maroon fine-
grained sandstone with common ripple-bedded units and mud cracked surfaces. The upper 
portion is dominated by a cliff and ledge forming pale reddish brown sandstones and mudstone. 
There are several sedimentary structures that can be found within the formation including trough 
crossbedded sandstones that grade to tabular bedding and ripple drift laminae (Tanner and Lucas, 
2009). The DCM contains fragments of ferns, horsetails, and conifers remains (Tidwell and Ash, 
2006). Grallator and Eubrontes tracks are abundant in the sandstones of the DCM. The upper 
most DCM represent aggradational river channel deposits with increasing shallow wave 
dominated lacustrine shoreline deposits as the ancient “Lake Dixie” formed (Milner et al. 2012).  
 The Whitmore Point  Member (WPM) represents a shallow lacustrine environment along 
the north to northwest trending Dinosaur Canyon alluvial system as evident by small 
stromatolitic mounds, salt and gypsum casts, raindrop impressions, and abundant fish remains. 
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The terminal floodplain of the Dinosaur Canyon fluvial system provided clastic sediments which 
comprise the WPM. The thickness of the WPM varies from outcrop to outcrop but the basic 
lithology can be divided into three intervals: lower shale and sandstone interval, middle 
sandstone dominated interval, and upper shale dominated interval. The intervals are interpreted 
to be two lake mega cycles, a thick lower cycle and a thin upper cycle all bounded by the middle 
proximal sandstone all which are remains of “Lake Dixie” (Milner et al. 2012).  
 
Figure 1- 2: Composite lithostatigraphic section of the Moenave Formation (modified from 
Kirkland et al. 2014) 
 
Carbon Cycle and Chemostatigraphy 
 Isotopic data have enomorous power in determining the nature of climate change through 
geologic time (Marshall, 1992). Organic matter (ẟ13Corganic) and sedimentary carbonates 
(ẟ13Ccarbonate) are the main terrestrial carbon reservoirs. Both reservoirs’ isotopic compositions are 
distinctively different but are both dependent on the isotopic composition of the carbon source 
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and the amount of carbon being distributed amongst the different global reservoirs. The isotopic 
characteristics of these two reservoirs are defined by two different reaction mechanisms: 1) 
fractionation through isotope equilibrium exchange and 2) kinetic isotope fractionation (Hoefs, 
2009). Abiotic equilibrium ẟ13C exchange reactions lead to an enrichment in ẟ13Ccarbonate relative 
to ẟ13Catmospheric (atmospheric CO2 – dissolved bicarbonate – solid carbonate) and are independent 
of temperature and crystal precipitation rate (Deuser and Degens,1968).  Kinetic isotopic 
fractionation of ẟ13C is dependent upon diffusive and biotic processes such as photosynthesis in 
plants, which depletes organic matter in ẟ13C relative to ẟ13Catmospheric (Hoefs, 2009). 
Atmospheric CO2 is depleted in 13C relative to the dissolved inorganic carbon pool. Diffusion 
from atmopheric CO2 to aqueous CO2 depletes ẟ13C by 1.1‰ resulting in an aqueous 
composition similar to atmosphere, whereas HCO3- can be enriched by 7-9‰ (O’Leary et al. 
1984). Organic matter on the other hand is extremely fractionated by biotic processes resulting in 
a depletion between 11 and 35‰. The primary isotopic signature of organic matter and 
sedimentary carbonate reflect those of the isotopic signature of the environment and can be 
recorded in the rock record to provide vital information about the carbon cycle dynamics. These 
dynamics are recorded in the bulk sedimentary organic and carbonate record. 
 Authigenic and biogenic carbonates incorporated inorganic carbon isotopes from 
dissolved inorganic carbons (DIC) in lacustrine settings through equilibrium and kinetic 
fractionation processes (Leng et al. 2005).  The ẟ13C of DIC is mainly controlled by the 
dominating carbon supply source to the lacustrine environment. Three processes control the 
isotopic composition of DIC: 1) the isotopic composition of inflowing waters, 2) CO2 exchange 
between atmosphere and lake water, and 3) photosynthesis/respiration of aquatic plants (Leng et 
al. 2004). Precipitated calcite from ground and river waters have low ẟ13CDIC values between -
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10‰ and -15‰ (Leng et al.2004). Decaying organic matter at the sediment-water interface 
liberates isotopically light CO2 with isotopic compositions between -32‰ and -27‰. In waters 
with a pH ranging between 7-10, HCO3- becomes the dominant carbon species and is enriched by  
9-10‰ compared to CO2 (Romanek et al. 1992, Leng et al. 2004). If atmospheric CO2 is the 
controlling factor on ẟ13CDIC then ẟ13CDIC will be enriched by 9-10‰ relative to atmospheric 
CO2. Photosynthesis and respiration can influence ẟ13CDIC in a lake during periods of increased 
productivity and can be a product of seasonality (Leng et al. 2004). Due to their ability to record 
enviromental pertubations, lacustrine carbonates are a strong tool for tracing changes in the 
carbon cycle at a localized and global level (Hollander and Mckenzie, 1999, Leng et al. 2004). 
There is however carbon that can be found in bulk carbonate cement. The cement can be 
separated to early stage diagenesis and late stage diagenesis. If the cement is sourced from early 
stage diagenesis, the main source of carbon would be DIC which is sourced from the atmosphere 
and to a minor extent CO2 dissolved in groundwater which would be related to biotic processes 
(Leng et al. 2005). Some of these processes that have been mentioned earlier include root 
respiration or bacterial respiration. In late stage diagenetic cements the DIC is sourced mainly 
from water-rock interaction (Lohmann, 1989). As a result, the C-isotope composition of the host 
rock as well as bacterially respired CO2 controls the isotopic composition of cement carbonate 
(Marshall, 1991, Quade et al. 1989). These factors need to be taken into account before 






Figure 1- 3: Illustration of the carbon cycle of the earth which controls the different 
pertubations that we observe in the carbon record. Adapted from Skepticalscience.com 
 
 Isotopic analysis of bulk carbonate carbon will be used to identify shifts in the ẟ13C of the 
DIC pool within early diagenetic water and lacustrine carbonates and to determine if any carbon 
isotope excursions associated with the CAMP are recorded in the formation. The C-isotope 
record of both marine and terrestrial environments has been shown to record at least two major 
global carbon isotope excursions within the Late Triassic to Early Jurassic. Carbon isotope 
chemostratigraphy measures the variations in 13C/12C ratios in both organic and inorganic carbon 
reservoirs throughout a stratigraphic sequence. Variations in δ13C indicate the redistribution of 
carbon among the different reservoirs within the carbon cycle (Saltzman and Thomas, 2012). 
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Over a long period of time these variations are recorded as perturbations or fluctuations of 
exchange rates within the Earth’s carbon reservoirs. The emplacement of Large Igneous 
Provinces (LIPs) can cause an influx of isotopically light carbon (12C) into the oceanic and 
atmospheric reservoirs resulting in a negative carbon isotope excursion (NCIE) in the rock 
record. This perturbation is enhanced by emplacement of methane which is significantly depleted 
in 13C so it will lead to a larger NCIE or by degassing of organic rich sediment in which the LIP 
is erupted into.  NCIEs have been used as a stratigraphic tool to identify perturbations within the 
global carbon cycle and to correlate these perturbations amongst terrestrial and marine strata. 
Our study time-period is characterized by abrupt climate change related to the rapid 
emplacement of the Central Atlantic Magmatic Province and the End Triassic Extinction event 
(ETE). Since LIPs provide such a large influx of C to the C-cycle, it often is characterized by a 
change in the global C-cycle and a C-isotope excursion. This research project will focus on the 
carbonate C record of the Moenave Formation to corroborate a global carbon cycle perturbation 
that is associated with the emplacement of the Central Atlantic Magmatic Province. It will be 
compared to the bulk organic C record as well as the detrital zircon geochronology. 
Climatic Effects of the CAMP 
 Times of high rates of C release to the atmosphere also results in enhanced weathering 
rates, Earth’s natural way of balancing changing C-flux (McHone, 2003). During the Paleocene 
Eocene Thermal Maximum (PETM) for example an increase in C-flux to the atmosphere 
resulted in an increase in the rate of weathering (Carmicheal et al. 2017). Geochemical studies 
such as major/minor elements of PETM paleosols indicate changes in the weathering rate as a 
result of increased precipitation rate due to an accelerated hydrologic cycle. Increased 
precipitation can promote rapid chemical weathering by flushing out dissolved weathering 
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products to maintain thermodynamics undersaturation (White and Buss, 2014). These enhanced 
weathering rates can be observed in some of the common weathering indices. Some of the 
common weathering indices used include Chemical Index of Alteration minus Potassium (CIA-
K) and CaO, MgO (CALMAG) (Nordt and Driese, 2010, Sheldon et al. 2002). These indices are 
usually calculated using X-ray fluorescence (XRF) results of paleosol samples (Sheldon and 
Tabor, 2009). XRF is an analysis method that uses whole rock geochemistry. The majority of 
CO2 consumption during weathering involves monovalent alkali (K and Na) and divalent 
alkaline earth elements (Ca and Mg) making these elements ideal for studying changes in 
weathering rates. CIA is a weathering index that relies on Al, Ca, K and Na (Sheldon and Tabor, 
2009).  The chemical index of alteration minus potassium (CIA-K) is a paleo weathering proxy 
that was initially published by Harnois 1988: he argues that potassium should be excluded from 
weathering indices because of its inconsistent behavior during weathering processes in terms of 
enrichment or depletion (Buggle et al. 2011). 
 With increase in clay content, Al increases and Ca, K and Na decreases which will lead to 
a higher CIA value. Thus, weathering indices like CIA is controlled by the major earth elements 
that are present within the paleosol sample (Sheldon and Tabor, 2009). CALMAG looks at the 
ratio of CaO and MgO. Another important aspect to keep in mind when looking at these samples 
is past pedogenic processes are based on comparisons with chemical composition of the protolith. 
In order to fully understand the weathering indices there needs to be some understanding of the 
protolith of all the paleosols being used (Sheldon and Tabor, 2009).  
 As discussed, changes in CO2 and CH4 of these magnitudes cause large increase of C in 
the atmosphere which can result in temperature increases (McElwain et al. 1999). Very few 
studies have examined the global temperature increase during the ETE. A study by McElwain 
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(1999) examined the effect increased CO2 had on plant evolution. The temperature change that 
was calculated by this study was estimated to be 3 - 4º C. In this study CO2 concentration was 
calculated using stomatal ratios and an increase in CO2 from 600 ppm to 2100 ppm was 
calculated. To refine and confirm these temperature changes, our study will evaluate temperature 
changes recorded in the southwest United States to determine how they compare to the ones 
performed in Sweden and Greenland by McElwain et al. (1999).  This is an important first step 
to understanding temperature changes that occurred at ETE.  
We will use clumped isotope paleothermometry. Clumped isotopes rely on negative 
correlation of 13C isotopes bonds with heavy 18O isotopes and temperature of formation (Ghosh 
et al. 2006). By determining the Δ47 parameter (measure of isotopic clumping in CO2 generated 
from phosphoric acid ingestion) the temperature at which the carbonate mineral formed can be 
directly calculated (Ghosh et al. 2006). By evaluating temperature changes through deposition of 
the Moenave Formation-depositional time, we can evaluate the magnitude and extent of 







𝑇$ − 0.02 
Figure 1-4: Relationship between Δ47 and Temperature. Adapted from Eiler 2007 
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 The use of this multi-proxy approach to understand the effects of the CAMP on 
continental environments will provide an important understanding of how rapid C-influxes to the 
atmosphere affect climate and biotic evolution. This is important in light of forecasted rapid 
increase of C in the atmosphere. The following chapters will detail the C-isotopic record of the 
Moenave Formation in which we identify some NCIEs within the carbonate carbon reservoir 
(Chapter 2), investigate temperature changes through the formation using clumped isotope 
palaeothermometry and weathering indices (Chapter 3), and change in climatic parameters such 
as mean annual precipitation and atmospheric pCO2 (Chapter 4). These findings are compared to 
previous studies that have been performed in different areas throughout this time period and 


























Chapter 2: Chemostratigraphy of the Moenave Formation 
Abstract 
    
 The Triassic is a period of abrupt climate change bracketed by mass extinctions 
including one driven by the eruption of the Central Atlantic Magmatic Province (CAMP) in the 
Late Triassic. The Moenave Formation (MF) of Utah and Arizona is ideal to investigate effects 
of the CAMP on continental strata distal to the eruptive center. Thus, the C-isotopic composition 
of bulk organic and carbonate C was analyzed to determine a chemostratigraphic record to 
compare to globally established record, relative to the CAMP events. At Olsen Canyon, the 
ẟ13CCarbonate values range between -2.05 and -7.41‰ VPDB and the ẟ18OCarbonate values range 
between -0.27 and -8.28‰ VPDB. At Blacks Canyon, the ẟ13CCarbonate values range between -
1.75‰ to -6.39‰ and the ẟ18OCarbonate ranged from +2.92‰ to -12.14‰. The d13Corg record 
(Oefinger 2020), constrained by detrital zircon geochronology contains at least 2-3 NCIEs that 
may be global in nature. These occur at 24, 29, and 40 m in Olsen Canyon, and at 37, 48, and 78 
m in Blacks Canyon. The ẟ13CCarbonate for Olsen Canyon show an inverse relationship for the 
organic C NCIE at 5 m and 25 meters (i.e., a PCIE in the ẟ13CCarbonate record where a NCIE exists 
in the organic record). None of the OIEs are associated with organic C excursions at Olsen 
Canyon.  
Introduction 
The Earth currently is going through a period of rapid global warming, in part caused by 
the industrial age and the associated release of CO2 into the atmosphere from anthropogenic 
sources (IPCC 2014). Throughout geologic time the release of volcanogenic CO2 and the 
dissociation of methane hydrates from the emplacement of large igneous provinces (LIPs) have 
been correlated to global warming and oceanic anoxic events throughout geologic time (Bond 
and Wignall, 2014). LIPs take place at rift boundaries and as hot spots. As a result, a large 
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release of deep-mantle magma, rich in CO2 usually occurs. These flood basalts usually exercise 
some control over the Earth’s climate through the emission of CO2 and other greenhouse gases 
(Schaller et al. 2011) and disrupt the global C-cycle (Bond and Wignall, 2014; Whiteside et al. 
2010; Saltzman et al. 2012). LIPs can be associated with the release of the light carbon (12C) 
especially when associated with the release of methane into the oceanic and atmospheric 
reservoirs. The isotopically depleted nature of methane usually causes large, negative carbon-
isotope excursions (NCIEs) in the rock record. The main means of identifying these carbon 
excursions has been isotopic analysis of sedimentary organic matter (d13Corganic) from marine and 
terrestrial environments (Saltzman et al. 2012). Isotopic excursions are usually associated with 
major extinction events due to the extreme change in atmospheric temperatures and overall 
habitat degradation associated with the excursions (Wignall, 1997; Bond and Wignall, 2014; 
Shobben et al. 2019). The association to extinction is usually caused by a series of climatic 
changes such as changes in temperature and alteration of the hydrologic cycle which affect local 
environment habitats which drives extinction through fragmentation of habitat. Some of the more 
major extinction events that are associated with global C-cycle perturbations that have been 
identified in the Mesozoic include the End-Permian, end-Triassic and end-Cretaceous extinction. 
This paper will focus on the end Triassic mass extinction event (ETE).  
One of the most extensive LIPs on Earth is the Central Atlantic Magmatic Province 
(CAMP) which erupted during the Late Triassic and is often associated with the ETE. The 
CAMP is one of the most voluminous and aerially extensive LIPs to be emplaced during the 
Phanerozoic with an estimated volume of 3.11 x 106 km3 and an estimated area greater than 2.5 x 
106 km2 (Marzoli et al. 1999; Blackburn et al. 2013). The CAMP has been constrained by 
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geochronology to have taken place between 202-190 Ma with the main peak occurring between 
201.5 and 200.0 Ma (Schoene et al. 2010; Marzoli et al.2011; Blackburn et al. 2013).   
 
Figure 2-1: The extent of CAMP at ~200 Ma in red. The red dots indicate previous studies 
and yellow dot indicates our study location modified from McHone (2003). 
  
The impacts of the increased CO2 as a result of the CAMP has been extensively modeled 
in rock records through methods such as chemostratigraphy. During the emplacement of the LIP, 
carbon emissions released as CO2 and CH4 are estimated to be 8000-9000 and 5000 gigatons 
respectively (Beerling and Berner, 2002). Pedogenic carbonates from the Newark and Hartford 
basins estimate a change in atmospheric CO2 concentrations from pre-eruptive background 
concertation of 2000 to 4000 ppm (Schaller et al. 2011, 2012, 2013). Mean global temperature 
changes associated with abrupt rise in CO2 have estimated a 3-4°C change. (McElwain et al. 
1999). Changes of such magnitude have been associated with major turnover of Triassic 
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megaflora species and may have driven global mass extinction in the terrestrial realm. The ETE 
is one of the largest extinction events in the Phanerozoic era and affected both the terrestrial and 
marine realm (Raup and Sepkoski, 1984). The ETE is characterized by a 50% loss in tetrapod 
species, and a turnover of 95% in mega floral species (McElwain et al. 1999). The ETE is said to 
have occur at 201.564 + 0.015/0.22 Ma which coincides with early phases of the emplacement of 
CAMP indicating a cause-and-effect relationship between the two events (Blackburn et al. 2013; 
Whiteside et al. 2010).  
 This study will use C-isotope chemostratigraphy and detrital zircon geochronology of the 
Whitmore Point Formation and Dinosaur Canyon Member of the Moenave Formation to 
document the influence of CAMP on terrestrial carbon cycle of the western Pangea. The 
Moenave Formation is located in southwestern Utah and northern Arizona and represents a 
fluvial-lacustrine depositional system. It is composed of two members, the fluvial Dinosaur 
Canyon Member and the lacustrine Whitmore Point Member. The Moenave Formation is a key 
locale to understanding impact of increased carbon to the surface reservoir in the Late Triassic – 
Early Jurassic since, building off a laser ablation inductively couple mass spectrometry (LA-ICP-
MS) study of Boudreaux (2019), a detailed geochronologic framework that includes chemical 
abrasion isotope dilution thermal ionization mass spectrometry (CA-ID-TIMS) high-precision 
ages is on-going, and since the data is incorporated with data from Oefinger (2020). Identifying 
the C-isotope perturbations will provide additional means of correlation among terrestrial data 
that cannot be accomplished in as great a detail by using biostratigraphy and geochronology. 
 We will present C-isotope chemostratigraphic data that include d13Ccarbonate and 
d18Ocarbonate for two locations in southwestern Utah: Blacks Canyon, Zion National Park and 
Olsen Canyon (Figure 2). C-isotopic composition of bulk carbonate carbon aggregates 
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groundwater, diagenetic (burial diagenesis), and biogenic carbonates, which can make 
interpretations difficult because these different carbonate minerals precipitate with different 
mineral-water isotope fractionation effects and are formed at different temperatures (Leng et al. 
2005). Lacustrine non-biogenic and biogenic carbonates are dependent upon atmospheric carbon 
isotopic composition (d13Catm) and should respond to isotopic changes in the atmospheric 
reservoir as well as changes in lake productivity. O-isotopic composition of bulk carbonate can 
help to predicted fluctuations in temperature or precipitation isotopic composition (d18Ow). The 
Moenave Formation contains strata of fluvial-lacustrine origin which makes it ideal for 
determining the response to environmental perturbations due to the small residence times 
(Hollander and McKenzie, 1992). The quick response time will make it ideal to determine 
changes in geochemical cycles. 
There is a scarcity of C-isotope records from continental strata in western Pangea. Most 
of the C-isotope chemostratigraphic work in this time period has been performed in marine strata 
that can be very easily constrained through biostratigraphy.  Suarez et al. (2017) provides a good 
foundation to of the ETE record. This study adds additional sections and carbonate C and O-
isotope record to support the findings of Suarez et al. (2017). The results lay a framework of 
additional chronostratigraphic studies that can be performed in continental strata to help 
constrain these major C-cycle perturbation events. This study identifies the C-isotope excursions 
associated with the CAMP and the ETE in the global C-isotope record, allowing future 
researchers to place paleoclimatic and paleontological records into a time-constrained record 
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Figure 2-2: Study area including both Blacks Canyon and Olsen Canyon. (Modified from 




Stable Isotope Geochemistry 
 
Rock samples from two geographic locations were collected and measured for 
geochemical analysis: 1) Blacks Canyon, UT in Zion National Park and 2) Olsen Canyon, UT 
within Warner Valley. A 25-cm sampling interval resulted in 153 samples of bulk rock from 
Blacks Canyon added to 102 data points from the Whitmore Point Member at Blacks Canyon 
from Suarez et al. (2017) and 174 samples collected from Olsen Canyon. In both locations, 
samples were collected from the bottom of the Dinosaur Canyon Member to the top of the 
Whitmore Point Member just below the Springdale Sandstone.  
Two geochemical methods were used to analyze δ13C to develop organic carbon and 
inorganic carbonate isotope curves. This paper focuses on inorganic carbonate isotope curves. 
For this analysis the samples were crushed into fine powder with a mortar and pestle. 
Approximately 0.5 mg of sample was weighted on a Metler-Toledo microbalance into a 12.5 mL 
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exetainer vial. The vials were then flushed with helium and dissolved in 100% phosphoric acid to 
liberate carbonate carbon in the form of CO2 gas.  
 
Figure 2-3: Stratigraphic column from Blacks Canyon and Olsen Canyon (Suarez et al. 2017; 
Oefinger, 2020) 
The samples were equilibrated at 25°C for 18 hours. CO2 gas was then extracted via a gas bench 
II connected to a ThermoFinnigan Delta Plus IRMS at the University of Arkansas Stable Isotope 
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Laboratory δ13Ccarbonate and δ18Ocarbonate was recorded in per mil (‰) relative to VPDB using 
standard δ notation. Analytical precision and accuracy were determined by international and in-
house standards. This includes NBS-19 = 1.94 ± 0.13‰ (true value = 1.95‰), UASIL 22 =         
-35.59 ± 0.12‰ (true value = -35.60‰) and UASIL-23 = -0.62 ± 0.17‰ (true value = -0.60‰). 
The values for δ18Ocarbonate includes NBS-19 = -2.15 ± 0.15‰ VPDB (true value = -2.20‰), 
UASIL 22 = -15.57 ± 0.13‰ (true value = -15.65‰) and UASIL-23 = -13.19 ± 0.21‰ (true 
value = -13.21‰). The stratigraphic location of each sample within the WPM and DCM was 
plotted against δ13Corganic (Oefinger, 2020) and δ13Ccarbonate to build a C-isotope curve for each 
measured section. Correlations were made among the two sample sites and to the global d13C 
record.  Correlations were constrained by LA-ICP-MS data from Boudreaux (2019).  
Results 
 
d13Ccarbonate and d18Ocarbonate results are illustrated in Figure 4. A full table of all values can 
be found in Appendix (Table 1 and 2). The d13Ccarbonate values in Olsen Canyon values range 
between -7.41 and -2.05‰ with an average value of -4.07‰. The d18Ocarbonate values ranged from 
-8.07 to -0.4‰ with an average value of -5.02‰. The first significant shift in the Olsen Canyon 
data can be observed as an oxygen isotope excursion (OIE) labeled OIE-1 in Figure 4 can be 
seen at 1.25 m with a positive shift of 2.64‰. The first carbonate C-isotope excursion (CIE-1) 
can be observed at 2.5 m with the positive shift of about 1.07‰ that coincides with a positive 
shift of 2.96‰ for oxygen-isotope record (OIE 2). OIE 3 occurs at 23.36 m within a siltstone 
with a negative shift of 1.2‰; CIE 2 occurs just after this at 23.86 m with a negative shift of 
1.32‰. CIE 3 can be seen at 27.71 m with a negative shift of 1.67‰.  Up section, a positive 
increase of 4.71‰ (OIE-4) occurs at 35.69 m but no concomitant CIE occurs at this level. The 
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last CIE occurs at 50.46 m with a negative shift of 1.88‰. The remaining section of the 
stratigraphic column remains consistent with a long-term negative CIE trend.  
The d13Ccarbonate of Blacks Canyon ranged from -1.75‰ to -6.39‰ in the carbon record 
with an average value of -4.07‰. For the oxygen record, the d18Ocarbonate ranges between 2.92‰ 
to -12.14‰ with an average value of -5.39‰. The first significant CIE occurs at about 3.75 m 
and is a positive shift of 2.96‰. The first OIE occurs at 2.25 m with a positive shift of 1.24‰. 
CIE 2 occurs at 7.5 m with a negative shift of 3.41‰ in a sandy to silty unit. OIE 2 also occurs at 
7.5m with a negative shift of 9.04‰. Up section OIE 3 occurs at 11.75 m with a positive shift of 
5.57‰. This shift is followed by OIE 4 at 22 m with a negative shift of 5.47‰ in a silty layer. 
No concomitant C-isotope excursion occurs through this part of the section. OIE 5 occurs at 47m 
with a positive shift of 5.27‰. This is followed by CIE 3 at 48.75 m with a negative shift of 
1.7‰. OIE 6 takes place at 49m with a negative shift of 8.69‰. CIE 4 is then observed at 53.3 m 
with a positive shift of 2.06‰. Up section CIE 5 occurs at 65m with a negative shift of 1.22‰. 
OIE 7 is the last major shift in the oxygen record and is a positive shift of 5.71‰ that occurs at 
67.25 m. CIE 6 occurs at 72.5 m with a positive shift of 2.65‰. Up section CIE 7 occurs at 81 m 
with a negative shift of 1.53‰. The last CIE, CIE 8 at 84 m is a positive shift of 2.49‰ that 





Figure 2-4: Chemostratigraphy results including d13Ccarbonate and δ18Ocarbonate for both Olsen 




 Most Late Triassic to Early Jurassic C-isotope chemostratigraphic records are from 
preserved sedimentary organic C (Lindstrom et al. 2017) but a few are C-isotope records are 
from the marine carbonates (Palfy et al. 2001, Korte et al. 2009; Korte and Kozur, 2011). For 
example, Korte and Kozur (2011) show that carbonate C records can be correlated with organic 
C records. Few continental carbonate C-isotope records of the Triassic-Jurassic transition have 
been published (Schaller et al. 2012, 2013); this is one of the few contributions of d13Ccarbonate 
from a western Pangean continental system. To determine the authenticity of C-isotope values 
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from the carbonate C-isotope record, we can compare the d13CCarbonate record to the d13Corg of 
Oefinger (2020), in addition to global d13C records (both organic C and carbonate carbon).  
Comparison to d 13Corg 
The d13Ccarbonate can be compared to the d13Corg of Oefinger (2020). Secular changes in 
d13Catm should influence d13Corg and d13Ccarbonate in a similar way. However, changes in 
productivity or burial rate of organic carbon can also influence isotopic excursions, especially 
within the d13Corg record (Saltzman and Thomas, 2012). High productivity and increased rates of 
organic matter burial can result in NCIEs in the organic C record and positive trends in the 
carbonate record as the light carbon is striped from the dissolved inorganic carbon (DIC) pool 
(Leng et al 2004, Saltzman and Thomas, 2012). As such, these local changes in productivity 
should result in negative correlations in d13Ccarbonate and d13Corg, while changes in burial rate and 
increased preservation can also cause negative d13Corg while the d13Ccarbonate is unaffected, 
resulting in a de-coupling of d13Corg and d13Ccarbonate (Hesselbo et al. 2002, Romanek et al. 1992). 
Changes in the contribution of isotopically light CO2 from soils could cause NCIE in the 
d13Ccarbonate record, while leaving the d13Corg constant (Quade et al. 1989). Finally, diagenetic 
influences on cement carbonate can result in isotope excursions in the d13Ccarbonate record, while 
leaving the d13Corg unaffected and resulting in either a positive or negative isotope excursion in 
the d18Ocarbonate record as well (Marshall, 1992). Most often burial diagenesis results in calcite 
precipitation at isotopically lighter values than early calcite cement because of precipitation at 
higher temperatures. To address these issues, we compare the d13Ccarbonate results to that of the 
organic carbon record of Oefinger (2020). The few carbonate C records of the ETE do reveal 
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concomitant CIEs to the d13Corg record, however the degree of d13Ccarbonate excursions are not as 
significant as that of d13Corg.  
 
Olsen Canyon 
 In the Olsen Canyon section, the first excursion in the carbonate and oxygen records is 
labeled as CIE-1 and OIE-1 (Fig. 5). This excursion is not apparent in the of d13Corg record by 
Oefinger (2020). This may be due to late-stage diagenesis or precipitation of secondary calcite 
causing this CIE. Indeed, there is clumped isotope evidence to suggest some degree of late-stage 
burial diagenesis (see Chapter 3 for more detail). This signal is expressed as a very 13C depleted 
value. For example, where clumped isotope temperatures exceed 100 °C, the d13Ccarbonate value is 
up to -21.79 Oefinger (2020) describes an organic CIE-1 at 24m in the C-isotope record of Olsen 
Canyon (Fig. 5). Compared to the d13Ccarbonate record of Olsen Canyon, carbonate CIE-2 can be 
correlated to organic CIE-1. These two CIEs (organic CIE-1 and carbonate CIE2) can also be 
correlated to the OIE 3. The organic CIE-1 in the organic C record lasts between negative CIE 2 
and 3 of the d13Ccarbonate record resulting in a correlation of a positive CIE in the carbonate record 
(Fig. 5) suggesting that the d13Ccarbonate excursion may be related to changes in organic matter 
productivity and burial between CIE 2 and 3.  A second negative CIE in the organic record 
(organic CIE-2) at 29m, can be correlated to carbonate CIE 3 in the d13Ccarbonate record. However, 
while the organic C record remains depleted for the next ~12 m, the carbonate C-isotope record 
increases to more positive values resulting in the correlation of a long-term NCIE in the organic 
C record and a positive CIE in the carbonate record.  This excursion however is not strongly 
reflected in the d18Ocarbonate record. Organic CIE 3 occurs starting at 40m in the d13Corg with a 
gradual increasing trend in the d13Corg to the top of the section through the Whitmore Point 
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Member. In the carbonate record, however, a long-term decreasing trend (Fig. 5) is apparent as 
opposed to an increasing trend in the d13Corg record. This could be related to a decrease in 
productivity and degradation of buried organic matter in “Lake Dixie” which would deplete the 
DIC pool in 13C and enrich the organic pool 13C. The oxygen record in this section oscillates 
back and forth between positive excursions and negative excursions possibly associated with 
seasonal changes in precipitation d18O.   
Blacks Canyon  
 In Blacks Canyon the first excursions observed in the d13Ccarbonate and d18Ocarbonate records 
labeled carbonate CIE 1,2 and OIE 1,2,3 and 4 (Fig. 5) do not correlate with any excursions in 
the d13Corg record (Oefinger, 2020). This could be an indication of local, early-stage diagenesis of 
calcite cements hence no evidence of excursion in the d13Corg record. These samples have an 
average temperature of 50ºC which is slightly higher than the average of about 45 ºC (details in 
Chapter 3) which indicate potential burial diagenesis. The first negative excursion in the d13Corg 
record occurs at 37m labeled organic CIE 1 (Fig. 5). This excursion cannot be correlated to any 
major excursion in the d13Ccarbonate and d18Ocarbonate record; however, the positive shift that bounds 
the upper limit of the negative CIE in the organic C record can be correlated to a significant 
positive O-isotope excursion (labeled OIE-5) and a smaller shift to more enriched d13Ccarbonate 
values. Another CIE at 48 m CIE 2 in the organic C record is shorter in stratigraphic duration 
and can be correlated to carbonate CIE 3 in the d13Ccarbonate record and OIE-6 in the d18Ocarbonate 
record. This excursion is bounded by a positive trend in both sections to ~52 m. The similar 
trends in all three records may suggest a secular cause to the excursions dictated by changes in 
the atmospheric carbon isotopic composition. Following the rebounded positive CIE, the d13C 
record in both the organic and carbonate C gradually and slightly decreases through the lower 
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portion of the WPM. A final long-term decreasing trend in both the organic and carbonate record 




Global Correlation  
Unfortunately, few of the C and O-isotope excursion within the carbonate record can be 
correlated with the organic C record. However, the organic C record has been constrained by the 
LA-ICP-MS record of detrital zircon (Boudreaux, 2019) and CA-ID-TIMS by Oefinger (2020). 
From this correlation, we can correlate the few carbonate-derived CIEs (CIE 2 and 3 from Olsen 
Canyon and CIE 3 and 7 from Blacks Canyon) from Figure 5 to this time-constrained record.  
From this, we can identify the timing of these carbonate C-isotope excursions. The short-
lived organic excursion (CIE-2) observed in Blacks Canyon organic C and carbonate C records 
Figure 2-5: Correlated excursions between the Olsen Canyon and Blacks Canyon. The data 
combines d13Corg from Oefinger 2020.  
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(carbonate CIE-3) suggest it may be an actual record of a shift in the atmospheric C-isotope 
composition and can be associated with another pulse of the CAMP prior to a long-term 
decreasing trend in d13C that we correlate to the “main CIE” of Hesselbo et al. (2004). The main 
NCIE in the global record is almost entirely Hettangian (Early Jurassic) in age and detrital-zircon 
ages are consistent with a Hettangian age for organic negative CIE 3 which is correlated with the 
carbonate CIE-7.  
For Olsen Canyon the organic CIE-1 correlates to a positive CIE (i.e the positive trend 
bound by CIE 2 and 3 in the carbonate record) and carbonate OIE-3. The organic C CIE-1 is 
thought to record of the initial CAMP CIE (Oefinger, 2020), however this negative correlation 
(positive CIE in the carbonate record and negative CIE in the organic record, may hint at a rise in 
productivity being the dominant control on this isotope excursion. Organic CIE-2 is much longer 
in the Olsen Canyon section due to the compressed nature of the section. This is correlate to 
carbonate OIE-4. And the last organic CIE-3 also identified as “Main CIE” in the global record 
is correlated to the carbonate CIE-4. These can be correlated to the Blacks Canyon section (Fig. 
6)    
Based on the organic C record and clumped isotope paleothermometry, we can suggest 
that most but not all interstitial carbonate in these samples represent early sedimentary cements. 
Overall, the carbonate C-isotope record poorly follows that of the organic C-isotope record. 
Where they greatly deviate, we can explain that deviation by either late-stage diagenesis of the 
early cement or attribute the deviation to local changes in depositional environment (i.e. changes 
in productivity or evaporative enrichment). The DCM preserves abundant trace fossils, 
especially vertebrate trackways, suggesting that the silt and sandstone units were cemented very 
early on during lithification (Lockley and Hunt, 1995).  
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Figure 2-6: CIE Organic Correlation between the two sections. Record showing the labeled 
initial CIE and the main CIE.  
 
This is an indication that the cement in at least some of the units within the Moenave Formation 
represent very early diagenetic calcite. Lower in Olsen Canyon and Blacks Canyon, major 
swings in the O-isotope ratios occur. This may be an indication of later stage burial diagenesis 
(Scholle 1979). More negative excursions in oxygen isotopes are usually an indicator of higher 
temperatures. For example, Eslinger (1979) uses oxygen isotope ratio can be used to estimate 
higher temperatures in rocks such as high-grade metamorphic rocks. However, as we see later in 
the paper there is no indication of high-grade metamorphism. Additionally, the erosional 
boundary between the Chinle and Moenave may have an impact of diagenetic fluids infiltrating 
these lower units. Both locations are marked by a basal gravel or pervasive anhydrite filled 
cracks which likely indicates an exposure surface and later burial diagenesis. Evaporative 
enrichment could result in a greater d18O values, while not greatly affecting the d13C values 
which may be an explanation for positive OIEs with no correlative CIE. Evidence of this occurs 
 30 
at 5m and 25m in Olsen Canyon and 5m and 38 m in Blacks Canyon. We see evidence of 
burrows and small scale crossbeds. Thus, most of the major negative swings in C and positive 
swing in O-isotope records < -29‰ for d13C and > -4‰ d18O   such as the excursions at 5 and 28 
m in the Olsen Canyon section, likely represent later stage diagenetic alteration, possibly by 
warm hydrothermal fluids (see Chapter 3). Some of the major positive swings in d18O, such as 
those OIE-3 in the Blacks Canyon record may be the result of evaporative enrichment during 
arid environments.  
Conclusion 
 High resolution d18Ccarb is documented for two sites, Olsen Canyon and Blacks Canyon, 
of these data few are correlated to NCIE 1, NCIE 2 and NCIE 3 excursions identified by 
Oefinger 2020. At Olsen Canyon the organic C NCIE 1 and 3 are correlated to positive CIEs in 
the carbonate record indicating changes in primary productivity are driving these excursions. At 
Blacks Canyon, only one NCIE in the carbonate C record is correlated to a NCIE in the organic 
C record (NCIE 2 of the organic C record). These correlation help identify major NCIE as a 
result of the CAMP. The divergence between the organic C and carbonate C records will help us 
identify excursion that are the result of local depositional conditions such as change in 
productivity and aridity from secular (global) forcing such as shifts in the C-cycle. Comparison 
of these records are also crucial for understand clumped isotope measurements presented in 






Chapter 3: Clumped Isotopes and Weathering Indices 
Abstract: 
 Clumped isotopes are a valuable tool in assessing major climatic shifts such as those 
associated with the effects of the CAMP in the Moenave Formation. Clumped isotopes provide 
maximum mean monthly temperatures which can be plotted together with the chemostratigraphic 
results to investigate climatic effects initiated by the CAMP. Another climate proxy used were 
the weathering indices CALMAG, CIA-K, salinization, and clayeyness to calculate the climate 
parameters mean annual precipitation and mean annual temperature. In this Chapter we used thin 
sections that were created from samples used in chapter 2. Clumped isotope analysis was 
performed in the billets facing the thin sections and we measured average temperatures of 43ºC 
with a standard deviation of 4.06 in Olsen Canyon and 45ºC with a standard deviation of 3.66 in 
Black Canyon. We also calculate salinatization temperatures which averaged 21 ºC with a 
standard deviation of 0.89 in Black Canyon and 22 ºC with a standard deviation of 0.48 in Olsen 
Canyon. Last but not least we calculated clayeyness temperatures which had an average of 15ºC 
with a standard deviation of 3.65 in Blacks Canyon and 21 ºC with a standard deviation of 1.35 
in Olsen Canyon. These temperatures were paired with the chemostratigraphic results from the 
previous chapter to understand paleoclimatic trends as a result of the CAMP. We observe a slight 
temperature increase which can be correlated to the identified excursions from the previous 
chapters. CALMAG and CIA-K were used from the XRF data to calculates the mean annual 
temperature and mean annual precipitation. Mean annual precipitation ranged between 367.8 to 
780 mm/year in Olsen Canyon, and 406.7 to 1190.2 mm/year in Blacks Canyon.  The 
information in this chapter provides the climatic context of the time period in our study area.  
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Introduction and Background 
 Previous work from Oefinger (2020) and Chapter 2 of this study provided a detrital 
zircon constrained chemostratigraphic record on the timing of CAMP-induced C-cycle changes 
within the Moenave Formation, a fluvial-lacustrine unit deposited within the retro-arc basin that 
was formed on the western edge of North American craton as a result of collision with the 
Cordilleran magmatic arc system (Tanner and Lucas, 2009). The presence of stromatolitic units 
and calcite cement provides an opportunity to investigate temperature changes caused by the 
Central Atlantic Magmatic Province (CAMP) event in the Moenave Formation. Additional 
paleoclimatic proxies are needed to fully understand the effects of the CO2 shifts during the 
volcanic eruptions of the CAMP.  
This study uses clumped isotopes palaeothermometry to understand temperature of 
formation of carbonate minerals (Ghosh et al. 2006). This paleothermometer can be used in a 
wide range of carbonate materials such as calcite, siderite, aragonite, and dolomite without 
assuming d18O of the precipitating fluid, making it a powerful tool for determining temperature 
of non-marine strata (Ghosh et al. 2006, Blatt 1979). The clumped isotope paleothermometer is 
based on the thermodynamic tendency for heavy 13C isotopes to bond to heavy 18O isotopes to 
form multiple substituted isotopologues of carbonate (Schauble et al. 2006). As temperature 
decreases in an environment where carbonate precipitation is taking place, the number of 
carbonate (CO3) molecules containing both a heavy carbon (13C) and oxygen isotope (18O) 
increases. As CO2 and water is released from carbonates during acid digestion, we can measure 
the number of heavy isotopologues of CO2 (with mass of 47 amu) and compare it to a stochastic 
(random) distribution of all CO2 isotopologues. The temperatures in which the minerals formed 
can be calculated by determining Δ47 (a measure of isotopic clumping in CO2 generated from 
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phosphoric-acid digestion) (Ghosh et al.2006; Schauble et al. 2006; Eagle et al. 2013). These 
temperatures were then used together with work from Oefinger (2020) and Chapter 2 for 
calculation of pCO2. Background pCO2 pre-eruption (see Chapter 4) is measured and compared 
to eruptive and post eruptive values as a result of the CAMP. 
 Quantitative analysis of major elements in soil and paleosols begins with an important 
consideration of which elements in the sample are soluble and mobile, and which elements are 
immobile and non-soluble (Buggle et al. 2011).  Calcium, sodium and potassium are often 
removed from soils by leaching, resulting in enrichment of aluminum proportional to alkali 
metals as weathering proceeds. The subsequent introduction of the Chemical Index of Alteration 
(CIA) allows us to calculate the percentage of aluminum in proportion to total aluminum, 
calcium, sodium and potassium and expressed as a percentage.  
Several studies have utilized indices in improving paleorainfall estimates in vertisols.  
Nordt and Driese (2012), utilized CALMAG and CIA-K. They assessed four major base forming 
oxides (CaO, MgO, Na2O, K2O) which helped determine that CaO and MgO gave the strongest 
correlation to mean annual precipitation (MAP). In this study they utilized CALMAG more than 
CIA-K because it tracks the flux of calcium and magnesium sourced from the calcium carbonate, 
detrital clay and exchangeable Ca2+ and Mg2+. This is different from CIA-K which documents 
the hydrolysis of weatherable minerals that is common in many other soil orders. These studies 







Thin Section Petrography 
Samples for this study were utilized from previous samples that were used for chemostratigraphy 
work from Chapter 2. Four representative samples were collected from Olsen Canyon and five 
representative samples were collected from Blacks Canyon. Samples ranged from sandstones, 
siltstones, and stromatolitic units. These nine samples were collected for petrographic analysis 
and clumped-isotope analysis. For petrographic analysis, some of the samples were sectioned in-
house at the University of Arkansas, the remaining samples were sent to Spectrum Petrographic 
Inc. The thin sections were used to evaluate the extent of calcite cements in the samples as well 
as the fabric of that calcite (e.g. micrite, sparite, microspar, etc.).  
Clumped Isotope Palaeothermometry 
Using the thin sections as guides, micrite-rich areas were drilled for clumped-isotope 
analysis. The billets for thin sections were drilled by hand-held, carbide drill bits. Samples 
evaluated were not pure carbonates, so the sample amount ranged from 20 mg to as high as 75 
mg. The powdered samples were analyzed at the University of Colorado Boulder Earth Systems 
stable isotope lab housed at the Department of Geology. The samples were reacted in phosphoric 
acid digestion at 90ºC on an automated extraction line. All samples were to be analyzed in 
triplicates. The resulting CO2 of the reactions was purified by passage through methanol-dry-ice 
and liquid nitrogen traps and then through a packed gas chromatograph column held at -20ºC. 
The purified CO2 was analyzed for d13Ccarbonate, d18Ocarbonate and Δ47 using Thermo MAT 253 dual-
inlet isotope-ratio mass spectrometer. The stable-isotope compositions of carbon and oxygen 
were reported relative to VPDB. The generated temperatures used both the Ghosh calibration 
(Ghosh et al. 2006) and Dennis calibration (Dennis et al. 2011). The data analyses to calculate 
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the temperatures were completed in R using code written by Dr. Katie Snell and Brett 
Davidheiser-Kroll at the University of Colorado Boulder. Three standards were used with an 
additional heated gas. The three standards that were used were ETH 1, ETH 2 and ETH 3. The 
heated gas used was 1000ºC and it was used to help reach a nearly stochastic distribution of all 
isotopologues (Bernasconi et al. 2018). ETH is the accepted standard that is used between labs to 
standardize clumped isotope results. The standards help in determining if the temperatures of the 
samples fall within the limits of the standards. The standards error values are ETH 1: 
0.265±0.002, ETH 2: 0.253±0.002 and ETH 3: 0.693±0.002 (Breitenbach et al. 2018). 
X-Ray Fluorescence Analysis 
 Glass beads of all 24 samples were prepared for elemental analysis via Wavelength 
Dispersive X-ray Fluorescence (WD-XRF) spectrometry at University of Texas-San Antonio 
(UTSA). A loss of ignition (LOI) test to account for volatiles is necessary for accurate elemental 
concentration. A quantity of 2.0 g of powdered material was initially weighted, heated in a Blue 
M Electric Company E-555C-3 muffle furnace at 1050 ºC for 1.5 hours, and weighed again to 
determine the amount of samples lost by ignition. A fusion procedure was also performed and 
was necessary to generate a representative homogenous glass bead with a smooth surface of each 
sample for XRF analysis.  For each bead, 9 g of lithium tetraborate was mixed with 1.8 g of 
sample (Claisse, 1998) into Pt-Au crucible and placed into a Claisse LeNeo fluxer.  The sample 
was heated to 1050ºC during an automated 28.75-minute fusion program that promoted 
homogenization of the mixture and resulted in the generation of a disc shaped glass bead. XRF 
analysis was completed with a Rigaku Primus II WD-XRF spectrometer at UTSA. Raw X-ray 
intensities were calibrated by the analysis if 8 USGS certified elemental standards (BIR-1a, 
COQ-1, DNC-1a, GSP-2, RGM-2, SBC-1, STM-2, W-2a), with an RSD value of 0.036%. The 
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results were analyzed using Microsoft Excel and the results were used in calculating Weathering 
Indices.  
Weathering Indices 
  The chemical index of alteration minus potassium (CIA-K):  
𝐶𝐼𝐴 − 𝐾 =	 !"%#&
!"%#&$%&#$'&%#
∗ 100                                                           (1) 
is a paleo-weathering proxy that was initially published by Nesbitt and Young (1982) and 
modified by Harnoir (1988): who argued that potassium should be excluded from weathering 
indices because of its inconsistent behavior during weathering processes in terms of enrichment 
or depletion (Buggle et al. 2011). Although removing potassium from weathering index 
calculation is useful because of unpredictable starting quantities (pre-weathering), as well as of 
its behavior during weathering, the transformation does not account for aluminum present in 
potassium feldspar minerals, causing K-feldspars rich samples to generate higher and misleading 
CIA-K values than they otherwise would during normal weathering processes (Fedo et al. 1995).  
CIA-K is then related to mean annual precipitation by the following relationship established by 
Maynard (1992): 	
																																	𝑀𝐴𝑃 = 221.1𝑒(.(*+,(%.!/0)                                                         (2) 
Another weathering index is the CALMAG index. Nordt and Driese (2010) concluded out of the 
four major base forming oxides (CaO, K2O, MgO, and Na2O), bulk soil CaO and MgO are most 
closely related to Mean Annual Precipitation (MAP). CALMAG is calculated by the following:  	
																																	𝐶𝐴𝐿𝑀𝐴𝐺 = !"%#&
(!"%#&$%&#$23#)	
∗ 100  (3) 
CALMAG allows observation of changes in calcium and magnesium that originates from 
calcium carbonates, detrital clay, and exchangeable Ca2+ and Mg2+ (Nordt and Driese, 2010). 
CALMAG can be used to calculate MAP by the following equation: 
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										𝑀𝐴𝑃 = 22.69 ∗ (𝐶𝐴𝐿𝑀𝐴𝐺) − 435.8                        (4) 
  CALMAG is more effective than CIA-K when working with materials high in clay 
content, as illite has a CALMAG value of 76, smectite has a value of 84, and kaolinite has a 
value of 100. All these clays have a CIA-K value of 100, leading it to a tendency to overestimate 
rainfall in these clay rich materials (Nordt and Driese, 2010). 
Salinization is defined as:  
                 S = (K + Na)/ Al  (5) 
and is the process in which mobile elements (K and Na) accumulate as soluble salts in a soil or 
paleosol. This process is fairly common in modern (Buck et al. 2006), Cenozoic (Hartley and 
May, 1998) and Mesozoic (Lawton and Buck, 2006) soils and paleosols that form in arid regions 
or deserts, such as has been hypothesized for the Moenave Formation. The salinization ratio may 
be related to mean annual temperature (MAT) in some settings and we will examine examples of 
these. The relationship between MAT can be established using this formula with S (equation 5) 
representing salinization with a standard error of ± 4.4 °C:  
                  T(ºC) = − 18.5S + 17.3  (6) 
Based on what was described previously, alkali elements (K and Na) are typically accumulated 
in desert settings, which usually have relatively high MAT. This relationship however is 
applicable to lowland settings and moderate soil formation times (<100 Kyr). It is also not 
applicable to hillslope, montane or tropical paleosols (Sheldon et al. 2002). A different inceptisol 
specific relationship between MAT and “clayeyness” is proposed. Clayeyness is calculated as 
“C”: 
                  C = Al/Si.  (7) 
Clayeyness is then related to temperature by the following with an average error of ±0.6 °C: 
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                              T(ºC) = 46.9C + 4 (8) 
 




Thin section analysis 
Thin sections reveal that carbonate primarily makes up interstitial cement. That carbonate 
is a mix of micrite, microspar and sparry cements (Table 1). Under plain polarized light (PPL) 
most of the grains visible are quartz and feldspar grains. Under cross polarized light (XPL) the 
carbonates cements are easily identified as cements with high birefringence and gold color. The 
calcite cements surround the quartz grains within thin section. One sample, OCstrom is from a 
stromatolitic unit at the base of the Whitmore Point Member. This sample contains some calcite 
cements that can be observed in clusters, which seem to contain chalcedony in between these 
clusters. The cement is not evenly spread out and within the samples cluster of grains that are a 









Figure 3-2: Thin section images of all the samples from Olsen Canyon, left representing 















Figure 3-2 cont: Thin section images of all the samples from Olsen Canyon, left representing 






















Figure 3-2 cont: Thin section images of all the samples from Olsen Canyon, left representing 
Plane Polar Light (PPL) and right representing Cross Polarized Light (XPL).  
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Table 1: Thin section description of samples from Olsen and Blacks Canyon displayed above 
 
Stable and Clumped isotope analysis 
Stable and clumped isotope results are summarized in Table 1. Most of the samples were 
analyzed in triplicates with the exception of OC18/05, ZS18/04, and OC18/08. These samples 
will need further analysis to attain results in triplicate. Δ47 (CDES90) values range from 0.060‰ 
to 0.618‰ on absolute reference scale (Dennis et al. 2011). Clumped isotope derived 






Name Meters Macrofacies Microfacies 
Olsen 
Canyon OC18/05 18 
Thick sandstone unit with 
interbedded silt 
Quartz grains surrounded 
by calcite cement. Micritic 
Calcite around most of the 
grain 
  OC93 36 
Thick sandstone unit with some 
crossbreds 
(Thick thin section) 




Stromatolitic unit between 
Dinosaur Canyon Member and 
Whitmore Point Member 
Micritic cements in 
patches. Not evenly spread 
out in the thin section 
  OC18/08 47 Interbedded Silty/muddy unit 
Micritic to microspar 
around quartz crystals 
(Fine grained section) 
       
Blacks 
Canyon ZS12 3.25 
Thick siltstone unit above the 
Chinle Formation 
(Thicker thin section) 
Sparry calcite 
  ZS18/01 27 
Thick sandstone Unit bounded 
by silt layers 
Fine grained micritic 
cements around quartz 
grains 
  ZS 170 47 
Interbedded thin sandstone and 
siltstone layer micritic to microspar 
  ZS18/04 72 
Interbedded muddy siltstone 
layer with some sandstones 
strings 
Very fine grained micritic 
cements around quartz 
grains 
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Table 2: Summarized results of Δ47 values given relative to the carbon dioxide equilibrium scale 
without a correction to adjust to the original 25ºC acid reaction. Temperatures were determined 
using the Ghosh et al. 2006 corrections 
   
Sample  
Name 
d13C carb d18Ocarb Δ47 
(CDES90)  
SD Δ47 SE Δ47 Temperatur
e(ºC) 
SE, T (ºC) 
AVG OC 18/08 
(3) 
-3.92 -5.56 0.510 0.033 0.008 50.7 2.5 
OC 18/08 -4.07 -5.03 0.519 0.036 0.010 48.2 
 
OC 18/08 -3.77 -6.07 0.501 0.030 0.006 53.1 
 
OC 18/08 
       
AVG OC 
Strom (3) 
-5.20 -6.19 0.435 0.029 0.008 89.4 1.0 
OC Strom -2.87 -0.71 0.556 0.024 0.007 39.1 
 
OC Strom -3.15 0.38 0.547 0.030 0.008 41.1 
 
OC Strom -9.59 18.25 0.202 0.032 0.009 188.1 
 
AVG OC 93 (3) -21.79 -16.08 0.244 0.029 0.008 248.4 135.5 
OC 93 -52.43 -25.24 0.008 0.027 0.008 505.5 
 
OC 93 -9.66 -18.13 0.195 0.025 0.007 194.0 
 
OC 93 -3.30 -4.86 0.529 0.035 0.010 45.7 
 
AVG OC 18/05 
(1) 
-3.66 -4.70 0.540 0.022 0.006 42.9 
 
OC 18/05 -3.65 -4.70 0.540 0.022 0.006 42.9 
 
AVG ZS 18/05 
(3) 
-3.83 -3.62 0.523 0.023 0.007 47.2 2.1 
ZS 18/05 -4.24 -3.42 0.517 0.020 0.006 48.7 
 
ZS 18/05 -3.06 -4.55 0.540 0.024 0.007 43.0 
 
ZS 18/05 -4.21 -2.89 0.513 0.026 0.007 49.8 
 
AVG ZS 18/04 
(1) 
-3.60 -9.38 0.526 0.022 0.006 46.5 
 
ZS 18/04 -3.60 -9.38 0.526 0.022 0.006 46.5 
 
AVG ZS 170 
(3) 
-3.39 -2.51 0.511 0.027 0.007 50.4 1.5 
ZS 170 -3.56 -4.08 0.510 0.035 0.010 50.7 
 
ZS 170 -3.54 -3.97 0.502 0.019 0.006 52.8 
 
ZS 170 -3.06 0.50 0.521 0.025 0.007 47.7 
 
AVG ZS 18/01 
(3) 
-1.56 -4.07 0.553 0.028 0.007 40.2 7.6 
ZS 18/01 -3.09 -5.86 0.523 0.031 0.009 47.2 
 
ZS 18/01 1.96 -2.68 0.619 0.031 0.009 25.0 
 
ZS 18/01 -3.55 -3.68 0.518 0.021 0.004 48.4 
 
AVG ZS 12 (3) -3.27 -4.24 0.512 0.032 0.009 50.0 2.4 
ZS 12 -3.15 -4.56 0.514 0.042 0.013 49.5 
 
ZS 12 -3.37 -3.61 0.496 0.024 0.007 54.4 
 
ZS 12 -3.30 -4.56 0.527 0.029 0.008 46.2 
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temperature calibration. The stable O-isotope composition ranged between -25.24‰ and 0.50‰. 
The stable C-isotope composition ranged between -52.42‰ and 1.96‰. Our study area is not 
dominated by carbonates nodules, but as described in the thin section analysis above, most of the 
carbonates are found as cements between silt and sand grains. The percent total carbonate make-
up for samples ranged between 1.1% and 6.2%. 
 
 In Olsen Canyon four samples were analyzed. These samples were OCstrom, OC18/05,  
OC18/08 and OC93. OC18/05 had a temperature of 42.9 ºC but was not analyzed in triplicate as 
is traditional for clumped isotope measurements due to a lack of sample. Up-section, OC93 
produced a temperature of 45.7 ± 2.33 ºC, with duplicate and triplicate temperatures of 194.0 ± 
8.2 and 505.5 ± 45 ºC for an average of 248.4°C. It is clear that diagenesis has affected this 
sample either via solid-state reordering (Henkes et al. 2014) or via contamination by a high-
temperature phase of calcite. The corresponding stable isotope analysis for the samples that 
produced 194°C and 505.5°C produced values of -18.13 and -25.25‰VPDB for δ13C and -9.66 
and -52.43‰ VPDB for δ18O respectively. Clearly, δ13C and δ18O are negatively correlated to 
temperature in which greater incorporation of high-temperature calcite results in a light δ13C and 
δ18O values. Evidence of this can be seen in thin-section photomicrographs of sample OC 93 
(Figure 2), where we notice some evidence of sparry calcite present in the thin section. OCstrom 
produced an average temperature of 40.1 ±1.41°C and was analyzed in triplicate with two of the 
samples producing Δ47 values of 39.1 and 41.1°C, and the third analysis resulting in a 
temperature of 188.1°C. Again, the δ13C and δ18O values for these extreme temperatures are 
significantly lighter in isotopic value than the lower temperatures, which can aid in determining 
diagenetically altered samples. When taken in duplicate and eliminating the high temperature, 
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the Δ47 for OCstrom is 40.1°C. The sample highest in the Olsen Canyon section was OC18/08 
which was analyzed in duplicate for an average temperature of 50.65± 3.46°C.  
 In Black Canyon five samples were analyzed. ZS12 was the lowest sample in the section 
and was analyzed in triplicate and had an average temperature of 50.03ºC ± 4.12 ºC.  Up section, 
ZS18/01 analyzed in triplicate had an average temperature of 40.2ºC ± 13.17 ºC. 20 m up 
section, ZS170 was analyzed in triplicates and had an average temperature of 50.4ºC± 1.47 ºC. 
25 m up section, ZS18/04 only analyzed once with a temperature of 46.5ºC. More work needs to 
be done generate triplicate temperature measurement. ZS18/05 which was analyzed in triplicate, 
has an average temperature of 47.16ºC ± 3.5 ºC.  
Bulk Geochemistry analysis  
 All samples from Olsen Canyon and Blacks Canyon were analyzed for their bulk 
geochemical composition regardless of the interpretation of their depositional environment or 
status as a paleosol. A set of samples taken explicitly from several paleosols from a canyon ~ 
1000 m lateral to Olsen Canyon (known as “Tony Hawk Canyon”) were also analyzed. Loss of 
ignition values ranged from 8.03% to 20.44% with an average of 14.46%.  As expected in a 
siliciclastic-dominated system, SiO2 is the most abundant oxide (54.31% average). The next 
most abundant oxides were Al2O3 (11.80%) and CaO (7.64%).  This study utilizes both CIA-K 
and CALMAG indices, and since these weathering indices are intended to target B horizons, 
samples exhibiting characteristics outside of a paleosol B horizon were eliminated from our 
paleo-precipitation estimates (Sheldon and Tabor, 2009). B horizon form over long periods of 
time, making their chemical composition a function of equilibrium process rather than a kinetic 
one. Long formation time also ensure that short-term climatic volatility does not overprint the 













































OCP-1 13.37 4.71 4.72 3.49 0.06 0.13 2.76 57.88 0.73 0.57 11.59 
OCP-11 12.90 8.18 4.76 3.33 0.07 0.15 2.79 52.87 0.63 0.65 13.66 
OCP-13 15.71 5.68 6.20 3.79 0.05 0.18 3.41 50.40 0.35 0.66 13.58 
OCP-15 14.82 6.28 5.49 3.92 0.05 0.16 3.17 50.81 0.40 0.65 14.26 
OCP-3 12.89 5.65 4.46 3.40 0.07 0.14 2.81 54.29 0.62 0.56 15.13 
OCP-5 12.89 7.47 4.48 3.52 0.08 0.14 2.71 53.76 0.63 0.61 13.70 
OCP-7 13.09 8.50 4.61 3.53 0.08 0.14 2.78 51.24 0.54 0.60 14.91 
OCP-9 14.05 7.21 5.05 3.61 0.06 0.14 2.92 50.98 0.47 0.61 14.91 
THP-1 7.50 13.26 1.81 3.16 0.13 0.11 1.71 56.00 0.92 0.41 15.00 
THP-12 12.96 6.79 4.76 3.42 0.08 0.13 2.71 55.00 0.87 0.58 12.69 
THP-14 9.22 10.65 2.65 2.90 0.11 0.12 1.98 57.21 1.14 0.48 13.54 
THP-3 13.21 8.73 4.76 3.83 0.08 0.14 2.83 50.38 0.60 0.59 14.87 
THP-4 13.00 9.03 4.65 3.83 0.08 0.13 2.76 50.49 0.57 0.58 14.88 
THP-5 10.70 9.32 3.24 3.18 0.10 0.12 2.29 55.88 1.01 0.50 13.66 
THP-7 13.14 7.37 4.58 3.56 0.09 0.13 2.72 53.90 0.73 0.55 13.23 
THP-8 6.65 12.26 2.72 6.79 0.19 0.09 1.43 49.97 0.60 0.34 18.96 
ZDCM-
10 
17.22 1.62 6.07 3.85 0.04 0.12 2.44 53.20 1.15 0.59 13.71 
ZDCM-
135 
8.76 10.60 2.10 3.69 0.13 0.12 2.04 54.81 0.96 0.50 16.30 
ZDCM-
144 
8.02 11.41 1.89 4.06 0.16 0.11 1.94 56.17 0.96 0.45 14.83 
ZDCM-
15 
8.14 5.94 2.43 4.49 0.11 0.12 1.64 58.71 0.90 0.46 17.06 
ZDCM-
162 
13.79 4.97 5.29 4.25 0.06 0.15 3.34 55.44 0.80 0.60 11.32 
ZDCM-
183 
10.58 2.38 3.61 3.57 0.05 0.14 2.32 58.75 1.04 0.58 16.99 
ZDCM-
199 
7.10 4.07 1.46 3.51 0.06 0.10 1.48 72.53 1.28 0.39 8.03 
ZDCM-
9 
13.62 7.75 4.55 7.28 0.17 0.12 1.77 42.89 0.96 0.46 20.44 
Table 3: XRF results showing major elements analyzed, mass% of each and the LOI-flux 
for both Olsen Canyon and Blacks Canyon 
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 Mean Annual Precipitation 
 MAP was calculated using CIA-K and CALMAG. The values of MAP ranged from 
367.8 to 780.15 mm/year in Olsen Canyon. Blacks Canyon had MAP values ranging from 406.7 
to 1190.2 mm/year.  
Mean Annual Temperatures 
 Using concentrations of Al, K, Na, and Si, salinization and clayeyness temperatures were 
calculated.  Salinization temperatures ranged from 21.7 to 22.1ºC with an average temperature of 
21.9 ºC in Olsen Canyon. In Blacks Canyon, salinization ranged from 20.4 to 22.8 ºC with an 
average temperature of 22.1 ºC. Clayeyness temperatures in Olsen Canyon range from 18.7 to 
23.9 ºC with an average temperature of 20.6 ºC. Clayeyness temperatures in Blacks Canyon 
range from 10.2 ºC to 24.7 ºC with an average temperature of 16.8 ºC.  
Discussions  
 It is clear that solid-state reordering of calcite cements, overgrowths of secondary calcite 
growth, or dissolution and reprecipitation of calcite has compromised several of the clumped 
isotope samples. Burial history of the Colorado Plateau indicates in the southern Utah and 
northern Arizona area, burial temperatures reach ~ 90-100°C with maximum burial in the Late 
Cretaceous (Dumitru et al. 1994, Nuccio and Condon, 2000). Henkes et al. (2014) indicated that 
brachiopod calcite can be held at temperatures as great as 100°C for ~ 100 million years without 
significant solid-state reordering. Maximum temperature values generated from our analysis 
indicate temperatures greater than these temperatures, from 194 to 505.5 °C suggesting these 
high temperatures were not generated from solid-state reordering during burial diagenesis. 
Another source of thermal reordering of isotope clumping can be through baking during 
eruption of recent Quaternary and Tertiary volcanic or migration of related hydrothermal fluids 
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such as the ones in Washington County in southwestern Utah. Some of these volcanic events 
include the lower Pleistocene Grass Valley lava flow located 5 miles from the Blacks Canyon 
study site and 2.5 miles from the Olsen Canyon site. Studies from these volcanic events suggest 
temperatures that ranged from 400 - 1000°C with an average value of 750°C (Hausel et al. 1977, 
Sanchez et al. 1995). Although no visual evidence of thermal alteration has been noted in the 
field, these hot temperatures or hydrothermal fluids associated with them could possibly impact 
the temperatures of some of the samples in our study areas. Direct thermal heating from lava 
flows extends to ~ 7 – 10 miles (Goldstein, 1998). However, the extent of the thermal heating is 
not fully known so this remains a possibility.  
One important aspect to reconsider is more detailed petrographic work to understand the 
full impacts of diagenesis. Based on clumped isotope analysis, it is clear that some sort of 
secondary diagenesis has occurred. Although we consider most of the calcite in our samples to 
have formed during early diagenesis there is a possibility of late-stage diagenesis and dissolution 
of original cement by secondary porosity formation. Characteristics of secondary porosity and 
dissolution of original cement includes fractures, shrinkage voids, voids after sedimentary 
materials and voids after authigenic cement (Schmitt and MacDonald, 1979). Some of these are 
evidence in the Moenave samples analyzed. For example, OC-93 and OC-strom show evidence 
that they have lost primary porosity which suggests they have undergone recrystallization which 
is also clear in our clumped isotopes temperature as seen on Table 2. Additional petrographic or 
SEM work will provide an assessment of the nature of the calcite cements. The most common 
definition of early versus late diagenesis is that early diagenesis represents processes associated 
with deposition and shallow burial while late-stage diagenesis is associated with deep burial. 
Cementation usually occurs at an early stage when silica or carbonates precipitates depending on 
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the migration fluid forms (Tarling, 2021, Harris, 1979). Given the presence of cementation in our 
samples with lack of any major observable alterations, we could associate the diagenesis to early 
stage. Also, the lack of alteration observed in petrographic thin sections associated with deep 
burial/ early metamorphic stage further supports this assessment. Some of these late-stage 
diagenesis processes include recrystallization and grain overgrowth (Harris, 1979). We have not 
observed these characteristics. 
With these above considerations in mind, if we eliminate the high temperatures, Figure 3 
shows temperature trends through the depositional history of the Moenave. There is a broad 
trend of temperatures increasing during the excursion and slightly decreasing subsequent to the 
organic and carbonate C-isotope excursions in both sections. This suggests that the climate 
impacts of the CAMP marked by C-isotope excursions include an increase in temperature. The 
magnitude of change is not the same for each record. There is a smaller change in Olsen Canyon 
(increase of about 3ºC vs 10ºC) which could potentially be attributed to the compressed nature or 




Figure 3-3: Olsen Canyon and Blacks Canyon chemostratigraphy results (Chapter 2 and 




The clayeyness temperature shows a trend in which the temperature values are slightly 
higher at the base of Blacks Canyon section, but return to a background value of ~13°C. The 
values then increase after the initial NCIE to a temperature of 20°C and then continue to decrease 
onward to background values, returning to a temperature of 10°C. This is a similar trend 
observed in the clumped isotopes data where the values increase just after the onset of the NCIE 
and then proceed to decrease after the NCIE. The similar trend in temperature up-section in two 
independent proxies suggests the same mechanism; presumably this is related to the increase in 
greenhouse warming induced by volcanic activity of the CAMP and marked by the NCIEs. 
Although the trends between the two data sets (clumped isotopes and clayeyness) the absolute 
Figure 3-3 cont.: Olsen Canyon and Blacks Canyon chemostratigraphy results (Chapter 2 
and Oefinger 2020) with clumped isotopes temperatures. 
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values are very different. Clayeyness derived temperatures are much lower than clumped isotope 
derived methods. However, clayeyness records mean annual temperatures while clumped 
isotopes in fluvial/overbank facies typically represents maximum monthly mean temperatures 
(Carmichael et al. 2017, Snell et al. 2014) and in a highly seasonal setting such as the Moenave 
Formation, maximum monthly mean temperature values are expected to be significantly higher 
than mean annual temperatures. For example, in St. George, Utah today, the mean annual air 
temperature is 17.7°C while the maximum monthly mean air temperature for July is 31.1°C 
based on NOAA records (https://www.ncdc.noaa.gov/cdo-web) a 13.4°C difference.  
Olsen Canyon contains a similar trend but unfortunately there are only a few samples 
collected after the marked NCIE. Nevertheless, the clayeyness temperatures show an increase 
immediately after the NCIE matching the trend in Blacks Canyon. Salinization does not have a 
trend compare to the clayeyness (Fig. 4). It is likely the salinization temperature proxy is not the 
most reliable proxy in this situation because of the difference in behavior between Na and K 
during pedogenesis (Sheldon and Tabor 2009). The salinization temperature proxy is most 
applicable to desert conditions. The climate during the time of the Moenave was likely extremely 
seasonal. Examples of this includes mudcracks, raindrop impressions, and common sandy units 
with climbing ripples that represent rapid deposition during flash floods. Given the amount of 






Figure 3-4 cont.: Olsen Canyon clumped isotope temperatures combined with the 
salinization and clayeyness temperatures. 




Figure 4: Mean Annual Temperatures of Olsen, Blacks and Tony Hawk Canyon. 
 Although data is sparse, Mean Annual Precipitation shows a trend that is expected given 
the temperature increase during the NCIE. Under higher global temperature conditions, the 
global hydrologic cycle is typically intensified in various latitudinal belts or seasonality becomes 
more intense. In this dataset pre-excursion values are 590 mm/year, but post excursion values 
increase to as high as 785 mm/year in Olsen Canyon. The trend is more prominent in Blacks 





By comparing these preliminary clumped isotope-derived temperatures we can address 
hypothesized temperature changes associated with major C-cycle perturbations, namely the 
CAMP event (Shobben et al. 2019, McElwain et al. 1999). Schaller et al. (2012) calculate an 
increase of greenhouse gases such as CO2 to the atmosphere as a result of the rapid emplacement 
of the CAMP. This increase is predicted to last about 300 kyr and should be followed by a 
drawdown of pCO2 due to increased silicate weathering, removal of CO2 from the atmosphere 
and a decrease in temperature (Schaller et al. 2014). Clumped isotope-derived temperatures show 
an increase of 10°C in Blacks Canyon and a change of 3°C in Olsen Canyon. This increase is 
followed by a decrease in MAT and MMMT. The increase in temperature was consistent with 
the carbon isotope excursions that we observe from Chapter 2 and Oefinger (2020) the observed 
sequence of temperature changes is consistent with the predicted decreasing trend in temperature 
of Schaller et al. (2014) when the Moenave age model of Oefinger (2020) is used. Calculated 
mean annual precipitation range from 367 to 780.15 mm/year in Olsen Canyon and 406.7 to 
1190.2 mm/year in Blacks Canyon. A 250mm/year increase in Blacks Canyon and a 50mm/year 
increase in Olsen Canyon after the excursion. Thus, this data suggests the Moenave Formation 
preserves the predicted increase in greenhouse induced global warming as a result of the eruption 
of the CAMP. This increase in temperature resulted in an intensified hydrologic cycle and an 
increase in MAP in the sub-tropics of Pangea which increased the rate of silicate weathering and 
as a result likely drew down pCO2 from the atmosphere, resulting in the observed decrease in 
MAT and Maximum Monthly Mean Temperature (MMMT).  
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Chapter 4: Atmospheric pCO2 
Abstract  
In this chapter we examine the pCO2 record of the Moenave Formation and compare it to 
Early Triassic to Jurassic global pCO2 records. Samples from chemostratigraphic analysis of 
carbonate and bulk organic C were used in the calculation of pCO2. Temperatures that were 
calculated in the clumped isotope chapters were used in the calculation for pCO2 within the 
Moenave Formation. pCO2 from Olsen Canyon range from 2000 to 4000ppm and values from 
Blacks Canyon range from 3000 to 4000ppm. During end-Triassic interval defined by C-isotope 
chemostratigraphy and detrital zircon geochronology, there is a 2-2x increase in atmospheric 
CO2 concentrations followed by a gradual decrease of 1-1.5x maximum levels.  These values are 
similar to values estimated from models such as GEOCLIM and values calculated from the 
Newark basin. This data suggests climatic impacts of the CAMP were global in nature and as far 
reaching as western Pangea. This is the most complete Late Triassic to Early Jurassic climatic 
dataset from continental deposits distal to the CAMP eruptive center and provides an important 
record for understanding the impacts of rapid destabilization to the C-cycle due to C-flux to the 
atmosphere.  
Background 
The Central Atlantic Magmatic Province (CAMP) is an event that resulted in an increase 
in the concentration of CO2 and CH4 in the atmosphere in a series of eruptive events (Blackburn 
et al. 2013, Marzoli et al. 1999, Wignall et al. 2001, Berling and Berner, 2002). The global 
impact of the CAMP should be observed in all environments across the world, however few 
pCO2 records distal to the CAMP eruptive center exist. Using the CAMP-induced NCIEs 
identified in the Moenave Formation of southern Utah and northern Arizona (Chapter 2), are 
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ideal for testing pCO2 concentration at a depositional center distal from the CAMP. It can be 
hypothesized that pCO2 should increase during the NCIEs identified in the Moenave Formation. 
Given the size of the CAMP and the magnitude of NCIEs we expect pCO2 to double from 
background pre-excursion values. This study calculates pCO2 from carbonate and organic C 
isotope data generated in chapter 2 and temperature data generated in chapter 3 from the 
Dinosaur Canyon Member (DCM) of the Moenave Formation through an interval that is 
preserved the end-Triassic extinction event (Oefinger, 2020).  
Estimating pCO2 from pedogenic soils 
The paleosol pCO2 paleobarometer is based on a two-component mixing model and 
diffusion of atmospheric CO2 into soils and respired CO2 out of a soil. Table 1 summarizes the 
parameters used to calculate pCO2.  The method assumes equilibrium of components (Cerling, 
1999). These components include: ds, which is the isotopic composition of soil CO2, δφ which is 
the isotopic composition soil respired CO2 and δa which is the isotopic composition of 
atmospheric CO2. Combination of these components help us calculate the concentration of 
atmospheric CO2. These components are related to each other by the following relationship from 
Cerling (1999):                              	
																																																					Ca = 𝑆(𝑧)	56		/*.((77δϕ/7.7
8&/89
                                             (1) 
 
Parameter Definition  
d13Cs (𝛅𝐬) isotopic composition of soil CO2 = 𝛿13CCO2 
d13Cr(ϕ) C-isotopic composition of soil respired CO2 (C-isotopic bulk organic C) 
d13Ca (𝜹𝒂) C isotopic composition of the atmosphere 
S(z)  the concentration of soil CO2 and composed of both atmospheric and respired CO2 
Table 1: Parameters and symbology used to calculate our pCO2 
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All the d values are relative to Vienna PeeDee Belemnite (VPDB). The carbon isotopic ratio of 
soil carbonate (dCarb) is used to calculate ds, which involves a temperature dependent equilibrium 
fractionation between CaCO3, and CO2 described by:  
                                             11.98 − 0.12 ∗ 𝑇℃ = 1000 ∗ ('
!"(#$%&')*+++
'!"(()*+++
− 1)                     (2) 
(Romanek et al, 1992). Temperature is estimated by a variety of methods. For this study we used 
clumped isotope analysis of carbonates (Chapter 3) to calculate ds. Using the equation above we 
can back calculate ds from our measured temperature and d13Ccarb.  Because there is little to no 
carbon isotope fractionation due to respiration, δφ is related directly to the carbon isotopic ratio of 
soil organic matter (d13Corg). The carbon isotopic ratio of the atmosphere is calculated from 
measured d13Corg by following relationships (Arens et al. 2000): 
                                              δa = ( d13Corg + 18.67)/ 1.10                                             (3) 
which assumes consistent fractionation by photosynthesis. The only adjustable parameter of the 
model is the concentration of soil-derived CO2 or S(z), which is a function of respiration of 
organic matter mixed with atmospheric CO2. This is a function of soil productivity such that 
highly productive soils have high S(z) values and poorly productive soils have low S(z) values 
(Montañez 2013). Additionally, the S(z) values has the strongest control on the absolute value of 
pCO2, making estimation of S(z) crucial. Several authors have suggested methods for calculating 
S(z) (Montanez et al 2013, Sheldon and Tabor 2012). In a study of modern soil order by 
Montañez (2013), aridisols, entisols, and vertisols from microhighs such as those preserved 
within the Moenave Formation tend to have very low concentrations of soils CO2 (S(z)). This 
allows us to have a better estimate of S(z) values and therefore we have used a lower S(z) values 
compare to most sections. 
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For the paleobarometer diffusion model to be valid, equilibrium of δφ must be reached 
within a soil profile. That is, with increasing depth into the soil the proportion of d13C of respired 
CO2 (δφ) increases and the d13Catm decreases. The C-isotopic composition of carbonate in 
equilibrium with the two components, defined by other authors ad “down profile equilibrium” of 
δφ. (Fig. 3 and 4). Quade et al. (1989) created a down profile model based on modern pCO2 
values in soils and models the isotopic composition of pedogenic carbonates within the soil 
profile. Within the paleosol we can estimate the production depth, which is the depth at which 
soil CO2 is dominated by respired CO2, usually greater than 30 cm. The location at which the 
CO2 concentrations stabilize to an equilibrium concentration and isotopic composition usually 
ranges from 20-35 cm (Cerling et al. 1984, Schaller et al. 2011, Quade et al. 1989). The 
production depth values can then be inserted in the model to calculate down-profile d13C of 
pCO2 profiles. The down profile equilibrium can use a uniform, linear or exponential production 
function. We can then observe which function best fits our paleosol dataset. Schaller et al. (2011, 
2012), used an exponential model because in vertic soils, the mixing between atmospheric and 
soil CO2 occurs exponentially. For this study exponential production function was used because 
the paleosols within the Moenave that are aridisols, entisols, and vertisols follow this production 
function. To confirm this down profile equilibrium, lithologic descriptions were used to define 
individual soils, and d13Ccarb were plotted with depth into those soil profiles (Quade et al. 1989). 
For these soils we averaged down profile d13Ccarb and d13Corg (where the values stabilize and are 
relatively invariable) to calculate pCO2 for each individual paleosol.  
Most researchers use pedogenic carbonate nodules from pea to walnut sized nodules. 
However, such nodules are rare in the soils of the Moenave Formation. It is important to note 
that modern studies of soil CO2 and carbonates formed in equilibrium with them, use carbonate 
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mineral cutans and films on the sides of siliciclastic grains (Quade et al.1999, Mintz et al. 2011, 
Knobbe et al 2018). Thus, bulk carbonate analysis of samples from the Moenave Formation were 
analyzed for d13Ccarb. Compared to other works that evaluate the effects of the CAMP like ones 
performed by Schaller et al. (2011, 2012), the soils in the Moenave Formation are poorly 
developed and not very extensive. The soils of the Moenave Formation are either aridisols or 
entisols with a few vertisols; soils that are poorly developed and have limited productivity.  
Sampling strategy 
 Samples were originally sampled to construct d13Corg and d13Ccarb chemostratigraphic 
records. Given that we have collected co-exiting d13Corg-d13Ccarb pairs, we used these samples to 
create a high resolution pCO2 record that is independent of paleosols preservation/ occurrence. 
However, given that most pCO2 studies focus on specific paleosols and paleosol description, we 
also evaluated individual paleosols.  These paleosols were selected based on soil characteristics 
(slickensides, root mottling, etc). The tops of most soils were identified by root mottling and 
were often bounded by fine-grained sandstones or siltstones. The d13Ccarb modeled diffusions 
profiles were plotted relative to measured d13Ccarb values (i.e. d13C versus depth). Where d13Ccarb 
equilibrium values are reached, the equivalent d13Corg values were averaged as an estimation of 
d13Cr.  
Atmospheric concentration of pCO2 was calculated in two ways: 1) calculation of pCO2 
using estimated ranges of S(z) values for soil order types of Montañez (2013).  and 2) using 
down-profile equilibrium graphs and adjusting atmospheric CO2 concentrations to fit the down-
profile graphs. Production functions were used to estimate a down-profile S(z) value where it 
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was inputted in the pCO2 paleobarometer (equation 1). We also used both of these methods and 
calculated the change in pCO2 pre, during, and post NCIEs.  
Method 1 
This method used S(z) values that were estimated from Montañez (2013), where most 
aridisols, entisols, and vertisols have low S(z) values due to their low productivity. Thus, S(z) 
values used were 500, 1,000, and 3,000 ppm. pCO2 was calculated using equations 1. Selected 
paleosols were also plotted with the rest of the high-resolution paired dataset for comparison. All 
the other parameters in the equation are measured values from previous chemostratigraphic work 
from Chapter 2 and Oefinger (2020) and clumped isotope analyses (Chapter 3) as described 
above. These calculations provided the pCO2 values seen on Figures 1 and 2.  
Method 2 
 In this method we calculated the down profile equilibrium of our pedogenic soils that 
were sampled. We used results from previous studies of paleo-pCO2 values to generate various 
down-profile curves. The ultimate goal of this method is to establish the stabilization depth of 
selected soils and the atmospheric pCO2 values necessary for equilibrium that overlaps with the 
measured paleosol d13Ccarb data. From here, S(z) values were used within the pCO2 equation 
(equation 1). 
Method 3  
In this method we focus on the relative rate of change compare to background. 
Regardless of the S(z) value that was used for the pCO2 paleobarometer we measure the 
magnitude of change in both our sections. This was calculated by finding the average pCO2 pre-
excursion, we then use the average value to calculate the changes during the excursion. The 
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relative rate of change compare to background values are then compared to known pCO2 
calculations from other CAMP records from the literature.  
Results 
Blacks Canyon  
 The Black Canyon section contained three identified negative C-isotope excursions from 
previous work by Chapter 2 and Oefinger (2020). These excursions were correlated to the global 
record for the CAMP. Datasets from the chemostratigraphy work was used for the calculations of 
the pCO2 as described in the above equations. The values used for pCO2 calculations are found 
in Table 2:  
 S(z) d13Catm Temp (°C) 
Pre- Excursions 500, 1000, 3000 -5.64 40 
NCIEs 500, 1000, 3000 -6.99 50 
Post Excursions 500, 1000, 3000 -6.69 40 
 
Three pedogenic soils were sampled below the first initial excursion (Fig.1) at 2m, 28m and 
32.25m; the average background pCO2 values for these samples is 3,302 ppm when using a 1000 
S(z) value. Three pedogenic soils were sampled between the excursions (NCIE 1, 2 and 3), these 
samples were at 44.2 m, 48.3 and 52 m and were consistent with the pCO2 values calculated 
from high-resolution sample pairs. The pCO2 concentration increases to 6,000-8,000 ppm in this 
part of the section, which represents a ~ 2-2.5-fold increase of pre-eruptive values.  




 The Olsen Canyon section contained three NCIE excursions that were identified from 
previous work from Chapter 2 and Oefinger (2020). These excursions can be seen labeled in 
Figure 2 as NCIE 1,2 and 3. Three pedogenic soils were samples pre-excursion at 11.61m, 
17.61m and 21.36m. The values used for pCO2 calculations are found in table 3:  
 
 S(z) d13Catm Temp (°C) 
Pre -Excursions 500, 1000, 3000 -7.44 42.9 
NCIEs 500, 1000, 3000 -7.37 42.9 
Post Excursions 500, 1000, 3000 -7.37 42.9 
 
Figure 4-1: Blacks Canyon results for d13Corg , d13Ccarb, d18Ocarb and pCO2 with the 
stratigraphic section and the equivalent ages using S(z) = 1,000 ppm. 
Table 3: Parameters used to calculate pCO2 for Olsen canyon 
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The average pCO2 values pre-excursion was 2,925 ppm when using S(z)=500 ppm. Two 
pedogenic soils were sampled during the excursion at 29.98m and 39.58m, excursion pCO2 
values ranged around 3000 – 4500 ppm. That represents a 1-1.5-fold increase of the pre-eruptive 
values. 
 
Down profile equilibrium 
 For Blacks Canyon (Fig. 3), down profile equilibrium of pedogenic carbonate soils is 
observed. Also observed is the location of d13Ccarb relative to the 2000 and 4000 ppm 
atmospheric CO2 concentrations. For the purpose of the images below atmospheric d13C of CO2 
Figure 4-2: Olsen Canyon results for d13Corg , d13Ccarb, d18Ocarb and pCO2 with the stratigraphic 
section and the equivalent ages at S(z) = 500 ppm. 
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was set at -5.64‰, which is the average for the lower portion of the section that we calculated 
and the soil d13Cresp was set to -25.7‰ (the average of d13Corg for the soil for pre-excursion d13C) 
with the exponential product function and depth of production of 75 cm (an average production 
function for soils) for the 2000 ppm line and d13C of atmospheric CO2 was set at -6.69‰ and the 
soil d13Corg was set to -23.8‰ for the 4000 ppm line with a production depth of 75 cm.  For pCO2 
calculations the d13Corg was measured directly and inputted in the model. As observed in the 
above results, d13Ccarb starts stabilizing between 30 and 50 cm for Blacks Canyon, but in reality, 
equilibrium probably stabilizes at slightly greater depths since the upper-most part of the soil 
profile is typically eroded away and sediment is compacted during lithification.  
 For Olsen Canyon down profile equilibrium of pedogenic carbonate soils is observed. 
Also observed is the location of d13Ccarb relative to the 2000 and 4000 ppm atmospheric CO2 
concentrations. For the purpose of the images below atmospheric d13C of CO2 was set at -7.44‰, 
and the soil d13Corg was set to -27.72‰ with the exponential product function and depth of 
production of 75 cm for the 2000 ppm line and d13C of CO2 was set at -7.44‰ and the soil 
d13Corg was set to -28.36‰ for the 4000 ppm line with a production depth of 75 cm.  For pCO2 
calculations the d13Corg was measured directly and inputted in the model. From our above result 
we notice that d13Ccarb starts stabilizing between 30 and 65 cm for Olsen Canyon and in reality, 
equilibrium probably stabilizes at slightly greater depths since the upper-most part of the soil 








Figure 4-3: Blacks Canyon down profile between 2000 ppm in yellow and 4000 ppm in 
orange. The d13CO2 for this model is -6.6‰ and the d13Corg was set to -25.7‰ and the 
production depth was set at 75m   
Figure 4-4: Olsen Canyon down profile between 2000 ppm in yellow and 4000 ppm in red. 
The d13CO2 for this model is -7.4‰ and the d13Corg was set to -27.72‰ and the production depth 
was set at 75m   
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Relative Change to Background 
 Method 3 above described relative pCO2 change to the pre-excursion values. In 
calculations of these values, we observe in Black Canyon (Fig. 5) a relative change of ~2 – 2.5x 
increase from background values. These results show the magnitude shift as a result of the 
CAMP. At Olsen Canyon, the magnitude of shift is much smaller compare to Blacks Canyon and 
is not as consistent. We observe a ~1-1.5x magnitude shift as a result of the excursion (Fig. 6).   
 
 





The pCO2 values that we observe from both Olsen Canyon and Blacks Canyon have 
values that are very similar to values that are calculated from the Newark Supergroup of the 
Newark and Hartford Basin of New York (Schaller et al. 2012). In these studies, Schaller et al. 
(2011, 2012) used a S(z) value of 3000 ppm and estimated a temperature of 25ºC and average 
d13Corg values between -25 and -27‰ which closely resembles the values we observe in our 
sections. The Passaic, Feltville, Towaco, and Boonton formations of the Hartford basin had 
background values of 2000 ppm and values increased up to 5000 ppm and values decrease to 
lower than 2000 ppm post-eruption as a result of increased weathering rates (Schaller et al. 2012) 
300 kyr after the CAMP eruptive events.  The magnitude of change observed in the Newark 
Basin by Schaller et al. (2012, 2014) are similar to the magnitude of change observed in the 
Figure 4-6: Olsen Canyon pCO2 with relative rate of change compare to background 
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Moenave Formation. All the sections from Schaller et al. (2011, 2012) contained a relative 
change of ~2-2.5 times which is consistent with the values that we observe in Backs Canyon and 
close to the ones in Olsen Canyon. 
 S(z) values used in the study area is lower than values used in most studies during this 
time period (~3000 ppm). This is attributed to poorly developed soils with low productivity, and 
as such a much lower S(z) value should be used in the pCO2 calculations. All sedimentologic 
evidence (e.g. remnants of relict bedding, shallow root zones (mottles), small and non-abundant 
slickensides, and few carbonate nodules) suggests that the soils in Moenave Formation had low 
rates of root respiration suggesting low S(z) values. Our down profile models support this 
assertion. When all parameters are inserted into the model, S(z) values range between 336 – 
1199 ppm for uniform production model and 309 ppm – 1100 ppm for the exponential 
production model. With all that in mind we were able to constrain the S(z) values to between 
500-1000 ppm which is a much narrower margin than most studies during this time period. 
Relative pCO2 changes are consistent with other studies (both plant-based and paleosol-based) 
and we can see a distinct 2-2.5x increase in atmospheric pCO2 as a result of the CAMP.  The 
pCO2 values for Olsen Canyon were more variable than Blacks Canyon and no consistent trend 
is observed. However, for Olsen Canyon, the section is a much shorter in stratigraphic extent and 
based on the detrital zircon and chemostratigraphy, 10-15 m preserved in the upper Dinosaur 
Canyon and Whitmore Point members are likely Hettangian in age, after the ETE interval. 
Additionally, the section contained thicker sandstones which could be attributed to rapid and 
intermittent deposition in the upper DCM. As a result, our conclusions are based on the record 




 This study, together with the chronostratigraphic and clumped isotope work reveal a 
detailed, chronostratigraphically constrained climatic record for the Moenave Formation. This is 
the first detailed climatic study of a location distal to the CAMP eruptive center and 
demonstrates the global effect of the CAMP eruptions. The results of pCO2 calculations finds 
similarities between the Moenave Formation with that of the Newark Basin (Schaller et al. 
2012). The magnitude of change in the Moenave Formation of an increase ~2-2.5x from pre-
negative CIE values is consistent with most previous studies (Berner and Beerling 2001, Schaller 
et al. 2012, McElwain et al.1999) including the well-constrained continental section of the 
Newark Basin and Hartford Basin as well as models such as GEOCLIM and GEOCARB (Berner 
and Kothavala, 2001, Goddéris et al. 2008, Schaller et al. 2014). We observe the pre-negative 
CIE values of approximately 1,000-2,000ppm, which is followed by an increase to values that 
range between 3,000 and 4,000ppm. This increase is then followed by a decrease in pCO2 that 
can be attributed to increased weathering rate. Similar trends are observed in long-term projects 
of the GEOCLIM models (Godderis et al. 2008).  These results are important to understanding 
the impact of rapid changes to the C-cycle and can help scientists understand the range of 
possible effects of the changes to the climate system such as rapid increases of CO2 in the 
atmosphere and the temperature changes associated with such events. These carbon perturbation 
events from the deep-time record can be used as analogues to understanding change related to 
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Table 1: Carbonate, Oxygen and Organic Record Blacks Canyon – all samples vs VPDB 
Sample Number Height (Meters) d13Corg d13Ccarbonate d13Ocarbonate 
0 0.4 -26.51 -4.88 -1.68 
1 0.5 -24.53 -7.58 -6.18 
2 0.75 -24.23 -4.86 0.28 
3 1 -25.43 -4.85 0.62 




6 1.75 -25.26 -4.73 1.76 
7 2 -24.61 -5.00 2.93 
8 2.25 -25.52 -5.47 2.93 
9 2.5 -25.92 -5.73 2.74 
10 2.75 -28.01 -4.15 1.52 




14 3.75 -24.79 -2.51 -3.04 
15 4 -24.28 -3.39 -0.93 
16 4.25 -25.36 -3.83 -4.77 
17 4.5 -24.94 -3.79 -3.88 
18 4.75 -25.56 -3.63 -1.59 
19 5 -24.82 -3.38 -1.69 
20 5.25 -24.73 -4.26 -7.05 
20.5 5.5 -25.35 -3.67 -5.17 
21 5.75 -25.83 -3.26 -3.00 
22 6 -25.68 -3.27 -4.09  
6.25 -25.35 
  
24 6.5 -25.56 -4.31 -7.18 
25 6.75 -27.11 -3.86 -5.43 
26 7 -24.69 -4.65 -7.43  
7.25 -24.38 
  
28 7.5 -24.99 -5.92 -11.98 




31 8.25 -24.51 -3.40 -4.75 
32 8.5 -24.75 -3.97 -6.67 
34 9 -24.03 -3.91 -3.88 
36 9.5 -24.32 -3.88 -5.30 
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37 9.75 -24.83 -4.47 -7.38 




41 10.75 -23.08 -3.45 -1.52 
43 11.25 -24.67 -2.86 -1.72 
45 11.75 -24.96 -3.34 -1.11 
47 12.25 -25.42 -3.38 -3.99 
49 12.75 -24.61 -3.15 -2.52 
52 13.5 -23.41 -5.19 -8.29 
54 14 -24.58 -4.05 -6.90 
55 14.25 -27.25 -4.10 -7.96 
56 14.5 -23.82 -2.70 0.12 
57 14.75 -23.62 -3.79 -5.77 
58 15.25 -24.47 -3.89 -7.16 
59 15.75 -24.17 -3.82 -7.00 
60 16 -26.74 -3.80 -6.88 
61 16.5 -23.81 -3.91 -7.14 
62 16.75 -24.30 -4.04 -7.88 
63 17 -24.58 -3.69 -7.13 
64 17.5 -23.87 -3.95 -5.11 
65 18 -23.99 -4.18 -8.03 
67 19 -24.84 -4.12 -9.68 
68 19.25 -26.85 -3.67 -4.86 




71 20.75 -24.11 -3.78 -5.30 
72 21.25 -24.51 -3.86 -6.30 
73 21.75 -25.33 -3.90 -6.99 




76 22.75 -25.41 -4.28 -7.06 
77 23.25 -24.56 -4.49 -8.33 
78 23.75 -24.88 -4.19 -7.14 




81 25.25 -25.60 -4.31 -9.48 
83 26.25 -24.19 -4.21 -3.92 
Table 1 cont: Carbonate, Oxygen and Organic Record Blacks Canyon 
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84 26.75 -24.86 -5.70 -8.46 
86 27.75 -26.46 -4.36 -8.36 
87 28 -25.36 -4.61 -10.05 
88 28.25 -24.21 -4.42 -6.94 




91 29.25 -23.74 -4.47 -8.24 
92 29.75 -24.83 -4.27 -3.94 
93 30.25 -24.70 -4.41 -6.67 
94 30.75 -24.29 -3.81 -5.23 
95 31.25 -24.69 -3.74 -6.71 
96 31.75 -25.52 -4.61 -6.00 
97 32.25 -25.94 -4.41 -6.60 
98 32.75 -25.89 -4.89 -5.79 








103 35 -26.37 -4.82 -5.16 




107 36 -24.90 -4.47 -6.20 
108 36.25 -28.13 -4.47 -6.50 
109 36.5 -28.55 -3.86 -4.18 
110 36.75 -31.49 -4.65 -5.20 















120 39.5 -29.62 -4.69 -5.70 







124 40.5 -29.24 -4.06 -4.87 
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127 41.25 -28.66 -4.57 -5.05 
128 41.5 -30.74 -4.47 -4.27 




131 42.25 -30.45 -4.64 -6.20 
132 42.5 -29.87 -4.62 -5.92 
133 42.75 -30.12 -4.47 -4.44 




136 43.5 -30.83 -4.32 -4.31 
137 43.75 -28.32 -4.52 -5.60 
138 44.25 -28.76 -4.49 -5.78 
139 44.5 -27.02 -4.78 -8.70 




146 46.25 -28.11 -3.97 -5.45 
147 46.5 -26.08 -4.95 -4.73 
148 46.75 -26.77 -4.61 -3.30 
149 47 -26.69 -3.58 -1.60 
150 47.25 -26.82 -3.50 1.50 
151 47.5 -26.94 -5.16 -8.72 
153 48 -26.81 -4.79 -5.84 
154 48.25 -26.76 -4.67 -4.76 
155 48.5 -32.49 -5.30 -12.14 
156 48.75 -26.47 -5.23 -9.56 




159 49.75 -26.70 -4.24 -5.38 
161 50.25 -25.58 -4.84 -8.84 
162 50.5 -26.00 -4.35 -7.24 




166 51.5 -23.88 -3.75 -7.57 
167 51.75 -24.31 -2.42 -2.78 
168 52 -25.69 -4.50 -5.85 
169 52.25 -24.54 -4.53 -5.63 
Table 1 cont: Carbonate, Oxygen and Organic Record Blacks Canyon 
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170 52.5 -25.13 -4.43 -5.09  
52.75 -25.76 
  
172 53 -24.45 
  
173 53.25 -25.42 -4.09 -7.62 
174 53.75 -25.80 -3.73 -4.95 
176 54.25 -25.88 -3.79 -4.83 
177 54.5 -25.96 -4.12 -3.34 
178 54.75 -26.33 -3.53 -4.50 
179 55 -25.73 -3.73 -5.58 
180 55.25 -26.07 -3.94 -6.11 
181 55.5 -26.38 -4.22 -8.09 
182 55.75 -27.14 -3.60 -4.75 
183 56 -25.74 -3.11 -3.46 
185 56.75 -26.10 -3.55 -4.07 
186 57 -26.55 -3.75 -5.70 
187 57.25 -25.93 -3.72 -5.23 
188 57.75 -25.35 -4.33 -8.82  
58.25 -26.28 
  
190 58.75 -26.16 -3.42 -3.67 
191 59.25 -25.68 -3.50 -4.62 
193 59.75 -25.73 -3.68 -2.74 
194 60 -27.31 -3.88 -5.31 
195 60.25 -26.98 -4.00 -4.93 
196 60.5 -27.48 -3.48 -5.02 
197 60.75 -27.38 -3.78 -5.42 
198 61 -27.79 -3.62 -4.68 
199 61.75 -27.38 -3.97 -4.82 
200 62.25 -27.26 -4.27 -6.83 
201 62.75 -27.27 -4.21 -6.20 
202 63.25 -27.97 -4.34 -5.39 
203 
  
-4.34 -5.52  
63.75 -26.42 -4.23 -7.01  
64 -25.81 -4.22 -7.34  
64.25 -26.56 -4.72 -3.60  
64.5 -25.82 -4.07 -5.48  
64.75 -25.73 -4.67 -6.51  
65 -26.09 -4.85 -4.60 
Table 1 cont: Carbonate, Oxygen and Organic Record Blacks Canyon 
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65.25 -26.11 -4.26 -6.14  
65.5 -25.96 -4.69 -7.51  
65.75 -25.74 -4.47 -6.79  
66 -25.47 -4.21 -4.22  
66.25 -25.68 -4.24 -2.96  
66.5 -25.33 -4.09 -2.66  
66.75 -25.50 -4.05 -4.19  
67 -25.71 -4.07 -3.49  
67.25 -25.56 -4.04 -1.83  
67.5 -24.97 -3.70 -2.68  
67.75 -25.39 -3.19 -3.83  
68 -26.62 -3.93 -6.42  
68.25 -26.45 -3.76 -5.80  
68.5 -26.31 -3.60 -4.88  
68.75 -26.04 -3.11 -4.71  
69 -26.15 -3.00 -4.59  
69.25 -24.31 -2.70 -4.14  
69.5 -24.42 -2.20 -3.15  
69.75 -25.17 -2.40 -4.41  
70 -25.58 -2.88 -2.22  
70.25 -25.19 -3.30 -3.56  
70.5 -25.99 -3.70 -4.04  
70.75 -26.82 -3.77 -7.70  
71 -25.73 -3.54 -6.19  
71.25 -26.18 -3.52 -6.77  
71.5 -27.19 -3.26 -5.97  
71.75 -26.60 -3.44 -6.42  
72 -27.69 -3.04 -6.08  
72.25 -27.29 -2.71 -5.64  
72.5 -25.52 -1.75 -3.94  
72.75 -27.77 -2.73 -6.15  
73 -27.29 -2.79 -5.48  
73.25 -27.95 -3.79 -9.58  
73.5 -28.16 -2.71 -4.81  
73.75 -27.46 -3.18 -5.97  
74 -28.32 -3.48 -6.66  
74.25 -27.84 -3.23 -5.79 
Table 1 cont: Carbonate, Oxygen and Organic Record Blacks Canyon 
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74.5 -25.68 -4.31 -11.19  
74.75 -28.41 -3.49 -5.19  
75 -28.47 -3.15 -5.17  
75.25 -27.81 -3.52 -6.28  
75.5 -27.85 -3.52 -5.98  
75.75 -28.10 -3.78 -6.84  
76 -27.57 -3.59 -5.90  
76.25 -27.10 -3.70 -7.43  
76.5 -27.70 -3.93 -6.23  
76.75 -27.60 -4.80 -9.26  
77 -26.53 -3.97 -6.55  
77.25 -27.52 -4.17 -6.21  
77.5 -27.15 -3.45 -3.99  
77.5 -26.90 -3.46 -4.72  
77.75 -26.19 -4.49 -7.30  
78 -27.73 -5.57 -12.89  
78.25 -25.46 -3.66 -6.69  
78.5 -22.94 -4.13 -7.27  
79 -23.54 -3.84 -6.91  
79.25 -28.39 -4.12 -8.26  
79.5 -28.74 -4.34 -8.35  
79.75 -28.78 -4.29 -7.13  
80 -27.99 -3.92 -6.67  
80.25 -28.73 -4.03 -6.16  
80.5 -28.60 -4.29 -8.92  
80.75 -29.02 -3.93 -5.92  
81 -29.19 -4.98 -3.15  
81.25 -28.93 -4.40 -3.65  
81.5 -28.34 -4.01 -4.50  
81.65 -27.89 -3.80 -4.43  
81.75 -28.37 -3.61 -3.35  
82.05 -28.98 -3.73 -4.79  
82.5 -29.03 -3.69 -3.57  
82.75 -31.21 -3.34 -3.51  
83 -30.26 -3.30 -3.95  
83.25 -29.62 -3.58 -3.11  
83.5 -29.70 -3.63 -4.10 
Table 1 cont: Carbonate, Oxygen and Organic Record Blacks Canyon 
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83.75 -28.37 -3.10 -4.65  
84 -28.10 -2.49 -6.46  
84.25 -27.75 -2.53 -6.89  
84.5 -29.08 -3.04 -5.65  
84.75 -27.94 -4.80 -10.33  
85 -27.12 -4.46 -7.27  
85.25 -27.64 -3.78 -4.56  
85.5 -27.39 -3.75 -4.96  
85.75 -28.13 -4.19 -4.06  
86 -28.02 -4.32 -3.89  
86.25 -28.45 -4.51 -4.03  
86.5 -28.71 -5.09 -6.03  
86.75 -27.57 -4.84 -4.43  
87 -28.17 -4.36 -3.96  
87.25 -28.43 -3.92 -4.31  
87.5 -27.68 -4.68 -3.92  
87.75 -27.61 -5.38 -4.36  
88 -27.38 -3.64 -4.58  
88.25 -28.55 -4.76 -4.50  
88.5 -28.36 -3.79 -5.03  
88.75 -28.57 -6.07 -4.11  
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d13Corg d13Ccarbonate d13Ocarbonate 
OC-1 0 -27.78 -3.88 0.00 
OC-2 0.25 -28.01 -3.51 -1.59 
OC-U2-1 0.5 -28.20 -3.63 -3.39 
OC-U2-2 0.75 -27.84 -3.66 -3.98 
OC-U2-3 1 -27.97 -3.53 -3.72 
OC-U2-4 1.25 -27.26 -3.65 -4.23 
OC-U2-5 1.5 -27.24 -3.85 -4.28 
OC-U2-6 1.75 -27.94 -3.16 -0.41 
OC-U2-7 2 -28.38 -3.12 -0.27 
OC-U2-8 2.25 -28.18 -3.04 -1.60 
OC-U2-9 2.5 -28.65 -2.05 -0.40 
OC-U2-10 2.75 -28.48 -1.63 -0.64 
OC-U2-11 3 -28.58 -3.47 -1.76 
OC-U2-12 3.25 -27.19 -2.99 -1.35 
OC-U2-13 3.5 -27.22 -3.21 -2.43 
OC-U2-14 3.75 -26.68 -3.53 -3.89 
OC-U2-15 4 -27.37 -3.70 -3.93 
OC-U2-16 4.25 -30.73 -3.63 -3.44 
OC-U2-17 4.5 -27.78 -3.79 -4.15 
OC-U2-18 4.75 -28.11 -4.06 -4.66 
OC-U2-19 5 -29.08 -3.27 -4.78 
OC-U2-20 5.25 -29.79 -3.81 -5.22 
OC-U2-21 5.5 -29.43 -4.00 -5.37 
OC-U2-22 5.75 -28.96 -3.57 -4.79 
OC-U2-23 6 -28.51 -3.76 -4.97 
OC-U2-24 6.25 -28.11 -3.98 -5.79 
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OC-U2-25 6.5 -28.12 -3.45 -3.73 
OC-U2-26 6.75 -28.79 -3.43 -4.42 
OC-U2-27 7 -28.81 -3.84 -4.37 
OC-U2-28 7.25 -29.87 -4.11 -5.77 
OC-U2-29 7.5 -28.23 -3.48 -3.79 
OC-U2-30 7.75 -27.85 -3.78 -4.68 
OC-3 9.36 -27.72 -4.85 -5.81 
OC-4 9.61 -27.50 -4.71 -5.41 
OC-5 9.86 -27.51 -4.57 -5.65 
OC-6 10.11 -27.32 -5.08 -5.26 
OC-7 10.61 -27.68 -4.43 -5.08 
OC-8 11.11 -28.84 -4.38 -5.68 
OC-9 11.61 -27.18 -4.44 -5.19 
OC-10 12.11 -27.61 -3.82 -4.98 
OC-11 12.36 -28.23 -3.95 -5.54 
OC-12 12.61 -27.50 -4.16 -6.37 
OC-13 12.86 -26.56 -3.97 -6.03 










OC-21 14.11 -27.42 -3.98 -6.53 
OC-22 14.36 -27.70 -4.00 -6.72 
OC-23 14.61 -27.25 -3.72 -6.33 
OC-24 14.86 -27.34 -3.78 -6.28 
OC-25 15.11 -27.77 -3.59 -6.51 
OC-26 15.36 -28.35 -3.65 -6.24 
Table 2 cont: Carbonate, Oxygen and Organic Record Olsen Canyon 
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OC-27 15.61 -28.19 -2.90 -3.89 
OC-28 15.86 -27.79 -3.16 -4.54 
OC-29 16.11 -27.86 -3.30 -4.71 
OC-30 16.36 -28.28 -3.61 -4.77 
OC-31 16.61 -27.87 -3.41 -4.80 
OC-32 16.86 -27.95 -3.98 -6.18 
OC-33 16.86 -27.87 -4.03 -5.58 
OC-34 17.36 -28.17 -4.38 -7.10 
OC-35 17.61 -28.14 -4.29 -6.86 
OC-36 17.86 -27.83 -4.22 -5.58 
OC-37 18.11 -27.82 -3.76 -5.87 
OC-38 18.36 -28.11 -3.82 -5.58 
OC-39 18.86 -25.52 -4.00 -7.24 
OC-40 19.11 -26.50 -3.92 -7.19 
OC-41 19.61 -26.70 -3.00 -4.63 
OC-42 19.86 -27.59 -3.75 -6.03 
OC-43 20.11 -27.54 -3.91 -6.86 
OC-44 20.36 -27.64 -3.52 -3.85 
OC-45 20.61 -27.44 -3.75 -4.72 
OC-46 20.86 -27.28 -4.72 -4.46 
OC-47 21.36 -27.57 -3.98 -6.80 
OC-48 21.61 -27.78 -3.89 -7.17 
OC-49 21.86 -27.58 -3.79 -6.82 
OC-50 22.11 -27.29 -3.74 -4.88 
OC-51 22.36 -28.49 -3.61 -4.68 
OC-52 22.61 -25.49 -4.44 -6.73 
OC-53 22.86 -25.39 -2.64 -3.67 
Table 2 cont: Carbonate, Oxygen and Organic Record Olsen Canyon 
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OC-54 23.11 -26.66 -4.23 -7.52 
OC-55 23.36 -26.69 -4.18 -8.07 
OC-56 23.61 -26.06 -3.92 -7.61 
OC-57 23.86 -27.44 -5.18 -8.28 
OC-58 24.11 -26.60 -4.84 -8.04 
OC-59 24.36 -29.63 -3.60 -5.48 
OC-60 24.61 -29.75 -4.21 -7.44 
OC-61 24.86 -29.12 -4.31 -8.00 
OC-62 25.11 -29.56 -3.81 -6.67 
OC-63 25.36 -29.79 -3.69 -5.84 
OC-64 25.61 -29.77 -4.16 -7.16 
OC-65 25.86 -29.28 -3.83 -6.24 
OC-66 26.11 -28.71 -4.12 -6.73 
OC-67 26.36 -28.37 -4.26 -6.84 
OC-68 26.86 -28.91 -4.94 -6.18 
OC-69 27.36 -29.50 -4.50 -8.09 
OC-70 27.61 -27.76 -5.07 -6.64 
OC-71 27.86 -29.79 -5.27 -6.52 
OC-72 28.11 -28.82 -5.22 -6.59 
OC-73 28.36 -27.10 -4.69 -6.36 
OC-74 28.61 -27.18 -4.38 -5.68 
OC-75 28.86 -26.63 -4.39 -7.47 
OC-76 29.11 -29.09 -4.13 -6.87 
OC-77 29.36 -29.74 -4.27 -6.69 
OC-78 29.61 -29.69 -4.32 -6.11 
OC-79 29.86 -29.66 -5.31 -5.49 
OC-80 30.11 -29.71 -4.30 -6.05 
Table 2 cont: Carbonate, Oxygen and Organic Record Olsen Canyon 
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OC-81 30.36 -29.75 -4.33 -6.17 
OC-82 30.61 -29.97 -3.85 -6.87 
OC-83 31.02 -29.57 -3.77 -4.49 
OC-84 31.27 -29.79 -3.80 -5.62 
OC-85 31.52 -29.71 -3.69 -5.38 
OC-86 31.77 -29.57 -3.08 -4.78 
OC-87 32.02 -29.73 -3.60 -6.94 
OC-88 32.27 -29.26 -3.34 -5.59 
OC-89 32.52 -29.49 -3.51 -3.53 
OC-90 32.77 -29.99 -3.40 -4.19 
OC-91 33.02 -29.48 -3.67 -1.92 
OC-92 35.69 -29.75 -4.23 -2.23 
OC-93 36.13 -29.71 -3.16 -5.41 
OC-94 36.38 -29.57 -3.43 -5.05 
OC-95 36.88 -29.66 -2.95 -5.22 
OC-96 37.13 -29.65 -3.16 -5.79 
OC-97 37.38 -30.06 -3.42 -5.40 
OC-98 37.63 -29.73 -3.31 -5.56 
OC-99 37.88 -29.63 -3.60 -5.58 
OC-100 38.13 -29.69 -3.89 -7.21 
OC-101 38.63 -29.73 -3.42 -5.95 
OC-102 39.08 -29.69 -3.32 -6.21 
OC-103 39.33 -29.60 -4.31 -3.67 
OC-104 39.58 -24.65 -3.68 -6.17 
OC-105 39.83 -27.81 -3.17 -3.00 
OC-106 40.08 -28.04 -3.73 -5.39 
OC-107 40.33 -27.52 -3.44 -5.54 
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OC-108 40.58 -28.24 -3.24 -4.06 
OC-109 40.83 -29.85 -3.51 -6.10 
OC-110 41.08 -29.59 -3.97 -5.65 
OC-111 41.33 -27.83 -3.49 -5.28 
OC-112 41.58 -29.60 -3.37 -3.72 
OC-113 41.83 -29.83 -3.29 -3.14 
OC-114 42.08 -29.43 -3.71 -6.48 
OC-115 42.33 -29.20 -3.51 -4.87 
OC-116 42.58 -29.18 -3.77 -6.34 
OC-117 42.78 -29.09 -3.66 -5.68 
OC-118 43.03 -28.77 -3.89 -5.22 
OC-119 43.28 -28.59 -3.76 -4.29 
OC-120 43.53 -28.14 -3.48 -3.42 
OC-121 43.78 -28.98 -4.16 -4.39 
OC-122 44.03 -28.91 -4.00 -4.04 
OC-123 44.28 -28.88 -3.84 -3.86 
OC-124 44.53 -28.42 -3.96 -4.85 
OC-125 44.78 -28.52 -3.93 -5.48 
OC-126 45.03 -27.86 -3.97 -4.71 
OC-127 45.28 -28.91 -4.44 -5.37 
OC-128 45.53 -28.43 -3.55 -2.71 
OC-129 45.78 -28.47 -4.19 -4.21 
OC-130 46.03 -28.37 -4.71 -4.55 
OC-131 46.28 -28.57 -4.69 -5.20 
OC-132 46.53 -28.69 -5.10 -3.74 
OC-133 46.78 -27.64 -5.25 -5.46 
OC-134 47.03 -28.62 -4.73 -4.72 
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OC-135 47.28 -28.13 -4.89 -4.65 
OC-136 47.53 -28.17 -4.96 -7.48 
OC-137 49.21 -28.30 -5.69 -4.88 
OC-138 49.46 -27.71 -6.14 -2.02 
OC-139 49.71 -28.24 -6.57 -4.81 




OC-144 50.91 -27.99 -6.50 -5.17 




OC-149 52.09 -27.83 -6.92 -4.81 
OC-150 52.3 -26.81 -6.57 -6.09 
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